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FOREWORD 

This Design Guide i s  submitted i n  p a r t i a l  f u l f i l l m e n t  of Contract  

NAS 8-20672, S t a b i l i t y  Character ' izat ion of Advanced I n j e c t o r s ,  Phase 11. 

The purpose of t h e  Design Guide i s  t o  provide an o r d e r l y  procedure f o r  

designing a dynamically s t a b l e  i n j e c t o r  f o r  an advanced cryogenic engine.  

Since 1962, a series of r e sea rch  programs, p r i n c i p a l l y  funded by NASA b u t  a l s o  

involving o t h e r  agenc ie s ,  has  produced a weal th  of d a t a  on t h e  design and 

ope ra t ing  c h a r a c t e r i s t i c s  of s p e c i f i c  cryogenic  systems. It i s  t h e  i n t e n t  

of t h i s  Guide t o  p r e s e n t  comprehensively t h e  accomplishments of t h i s  r e sea rch  

i n  a manner u s e f u l  t o  t h e  des igne r ,  emphasizing a p p l i c a t i o n .  The t h e o r e t i c a l  

d i scuss ion  i s  l i m i t e d  t o  t h a t  necessary to. understand t h e  proper  usage of t he  

t o o l s  provided. 

of e f f o r t  i n  i n v e s t i g a t i n g  t h e  problem of combustion s t a b i l i t y  i n  high-pressure 

l i q u i d  oxygen/hydrogen engines  wi th  t h e  p r i n c i p a l  emphasis placed on what w a s  

f e l t  t o  be f u t u r e  i n j e c t o r  designs f o r  such an engine.  I n i t i a l l y ,  e f f o r t s  

were concen t r a t ed  on a v a r i e t y  of i n j e c t o r  t ypes  and engine systems. 

emphasis, because of monetary as w e l l  as t e c h n o l o g i c a l  c o n s i d e r a t i o n s ,  was 

placed on t h e  c o a x i a l  and impinging t r i p l e t  i n j e c t o r s .  

t h e  program demonstrated t h a t  t h e  n a t u r e  of t h e  s t a b i l i t y  problem w a s  no d i f -  

f e r e n t  w i th  high-pressure from t h a t  w i th  low-pressure engines .  

The work p resen ted  r e p r e s e n t s  a culminat ion of seven y e a r s  

Later 

The i n i t i a l  phases of - 

The la ter  phases of t h e  Drogram l e d  t o  refinement of t h e  s t a b i l i t y  

parameters which had been i d e n t i f i e d  i n  the e a r l y  phases of t h e  prop,ram'as 

being s i g n i f i c a n t .  The r e s u l t s  i n d i c a t e  t h a t ,  i n  g e n e r a l ,  some form of 

s t a b i l i z i n g  device i s  r equ i r ed  t o  produce a dynamically s t a b l e  system. 

i s  p o s s i b l e ,  however, t o  design a dynamically s t a b l e  system capable  of with- 

s t and ing  some s m a l l  bomb-induced p r e s s u r e  p e r t u r b a t i o n s .  

It  

This r e p o r t  i s  arranged in a manner which is  c o n s i s t e n t  w i th  engine 

design procedures such t h a t  c o n s i d e r a t i o n  may b e  given t o  t h e  design of a 

s t a b l e  engine i n  t h e  e a r l y  phases of t h e  program. The gene ra l  practice f o r  
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engine des ign  used as an  o u t l i n e  f o r  t h i s  r e p o r t  is t h e  i d e n t i f i c a t i o n  of t h e  

engine system through f e a s i b i l i t y  s t u d i e s  fol lowed by des ign  re f inements  and 

i d e n t i f i c a t i o n  of o p e r a t i n g  requirements .  F i n a l l y ,  t h e r e  i s  d i s c u s s i o n  of 

development hardware des ign  and formula t ion  of t e s t i n g  requirements  t o  demon- 

s t r a t e  t h e  design.  

- Sec t ion  1 in t roduces  t h e  s u b j e c t  of i n s t a b i l i t y  as a process  t h a t  can 

be  desc r ibed  by measurable  phenomena. It  eschews s p e c u l a t i o n  as t o  mechanisms 

bu t  i s  c o n s i s t e n t  w i t h  t h e  p roposa l s  of most prominent t h e o r e t i c i c a n s .  It 

a l s o  con ta ins  a c r i t i q u e  of t h e  a v a i l a b l e  des ign  d a t a  and i n d i c a t e s  t h e  areas 

where new test  d a t a  are requ i r ed .  A s h o r t  s e c t i o n  i s  devoted t o  t h e  methods 

of c a l c u l a t i o n  t h a t  are proposed. 

S e c t i o n  2 reviews p r e s e n t  des ign  procedures  f o r  chambers and i n j e c t o r s  

and in t roduces  new parameters  t h a t  have been found u s e f u l  i n  c h a r a c t e r i z i n g  

t h e  s t a b i l i t y  of s p e c i f i c  conf igu ra t ions .  

Sec t ion  3 d e s c r i b e s  t h e  a p p l i c a t i o n  of s t a b i l i t y  c r i t e r i a  t o  t h e  t h r e e  

p r i n c i p a l  s i t u a t i o n s  f a c i n g  t h e  des igner .  It is  p resen ted  i n  t h e  form of 

des ign  a l t e r n a t i v e s  t o g e t h e r  w i t h  d e s c r i p t i o n s  of t h e  necessary  c a l c u l a t i o n s  

t o  be made i n  o r d e r  t o  reach  a dec i s ion .  Simple manual procedures  are o f f e r e d  

wi th  recommendations as t o  t h e  p a r t i c u l a r  occas ions  when i t  may be  necessary  

t o  r e s o r t  t o  t h e  computer. 

A t t e n t i o n  is  d i r e c t e d  toward e a r l y  de t e rmina t ion  of t h e  existence of 

a p o t e n t i a l  i n s t a b i l i t y  problem. P r e c i s e  c a l c u l a t i o n  of parameters  is  

subord ina ted  t o  s i m p l i f i e d  formula t ions  t o  enab le  e v a l u a t i o n  of t h e  s t a b i l i t y  

of t h e  proposed system. This  approach i s  j u s t i f i e d  i n  t h a t  i t  i d e n t i f i e s  f o r  

t h e  des igne r  what t ypes  of c o r r e c t i o n s  may be  r e q u i r e d  t o  s t a b i l i z e  t h e  proposed 

engine system. The des igne r  may then  g i v e  cons ide ra t ion  t o  t r a d e o f f s  between 

s t a b i l i z a t i o n  devices  and requirements  f o r  performance, s t r u c t u r a l  i n t e g r i t y ,  

d u r a b i l i t y ,  maintenance, and p r e s s u r e  schedules .  

i v  
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Sec t io  4 P  ovides a d e s c r i p t i o n  of t h e  compu s r i zed  model discussed 

i n  Volume I1 and i t s  a p p l i c a t i o n  t o  i n j e c t o r  and chamber design.  

of t h i s  subsec t ion  is t o  provide the  u s e r  t he  op t ion  of performing r igorous 

ana lyses  of t h e  e f f e c t  of nozzle  contour on t h e  system. 

inc ludes  a sub rou t ine  f o r  t r e a t i n g  t h e  e f f e c t  on s t a b i l i t y  of a l t e r i n g  in j ec -  

t i o n  d i s t r i b u t i o n .  

The purpose 

The model also 

Sect ion 5 d i s c u s s e s  t h e  va r ious  s t a b i l i z a t i o n  devices  t h a t  may be used 

if requ i red  t o  meet engine s t a b i l i t y  s p e c i f i c a t i o n s .  The s e c t i o n  inc ludes  

design c r i t e r i a  f o r  b a f f l e s  and a s i m p l i f i e d  a n a l y s i s  f o r  a c o u s t i c  l i n e r s .  

The s e c t i o n  on a c o u s t i c  l i n e r s  i s  l i m i t e d  because design information on t h i s  

s u b j e c t  i s  a v a i l a b l e  i n  t h e  several r e fe rences  l i s t e d .  

t o  t r a d e o f f s  r equ i r ed  t o  secu re  optimum design.  

Consideration i s  given 

Sect ion 6 d e s c r i b e s  t h e  subsca le  t e s t i n g  t o o l s  which may be used t o  

c h a r a c t e r i z e  t h e  s t a b i l i t y  of an i n j e c t o r  p a t t e r n .  Methods of reducing high- 

frequency s t a b i l i t y  d a t a  and d e s c r i p t i o n s  of t h e  in s t rumen ta t ion  necessary t o  

o b t a i n  these  d a t a  are included.  Development t e s t i n g  of p ro to type  i n j e c t o r s  

i s  desc r ibed ,  t o g e t h e r  w i th  d i scuss ion  of t h e  l o c a t i o n s  of t ransducers  and 

t h e  i n t e r p r e t a t i o n  of t h e  t e s t  d a t a ,  i nc lud ing  i d e n t i f i c a t i o n  of i n s t a b i l i t y  

modes. 

Volume I1 desc r ibes  t h e  ope ra t ion  of t h e  va r ious  computer programs 

referenced i n  Sect ions 3 ,  4 ,  5 and 6 of Volume I.  Input  requirements and 

ou tpu t  format are discussed wi th  s p e c i a l  a t t e n t i o n  t o  s e l e c t i n g  cases t h a t  

w i l l  most c l e a r l y  b racke t  t h e  r equ i r ed  answers. A d i scuss ion  of the r a t i o n a l e  

employed and of t h e  l i m i t i n g  assumptions i s  provided f o r  each program. 

Programmers' handbooks are referenced.  

Appendix A con ta ins  s h o r t  d i scuss ions  of t he  p r i n c i p a l  t h e o r i e s  

t h a t  have been advanced t o  e x p l a i n  combustion i n s t a b i l i t y .  They are included 
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only t o  g ive  t h e  des igne r  a f e e l i n g  f o r  t h e  p r i n c i p l e s  involved. For r igorous  

t rea tment  of each,  a r e fe rence  l ist  i s  appended. 

The d a t a  presented  i n  t h e  Design Guide are der ived  p r i n c i p a l l y  from t h e  

fo l lowing  c o n t r a c t s :  NAS 8-4008, NAS 8-11741, F04611-67-C-0019, and NAS 8- 

20672. 

This  work w a s  sponsored by t h e  NASA Marshal l  Space F l i g h t  Center ,  

H u n t s v i l l e ,  M r .  R. J ,  Richmond, p r o j e c t  engineer .  

The combustion model which provided t h e  b a s i s  f o r  t h i s  a n a l y t i c a l  tech- 

n ique  is t h e  S e n s i t i v e  T i m e  Lag theory  f i r s t  developed by D r .  L .  H. Crocco and 

l a t e r  extended by D r .  F. H, Reardon. 

The work w a s  conducted by t h e  Engine Components Department, Thrust  
- 

Chamber Engineering Sec t ion ,  of t h e  Aero je t  Liquid Rocket Company under 

D r .  N.  E. Van Huff,  manager; M r .  J. M. McBride, p r o j e c t  manager; and 

M r .  W. W. Howard, p r o j e c t  engineer .  

S p e c i a l  acknowledgement is g iven  t o  M r .  R. C. Waugh f o r  h i s  contr ibu-  

t i o n  i n  t h e  development of a n a l y t i c a l  models, M r ,  D. P. Dudley f o r  programming 

and conversion of t h e  computer program, M r .  R. K. Turner f o r  t h e  reduct ion  of 

combustion s t a b i l i t y  theory  i n t o  des ign  cr i ter ia  and a n a l y s i s  and c o r r e l a t i o n s  

of test d a t a ,  and M r .  W. 3.  Nord f o r  organiz ing  and e d i t i n g  t h e  mater ia l  con- 

t a i n e d  i n  t h e s e  r e p o r t s .  
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1. 

1.1 

INTRODUCTION 

SCOPE AND LIMITATIONS 

This design guide i s  intended t o  a i d  i n  t h e  design of advanced 

cryogenic engines  us ing  oxygen and hydrogen, The method of a n a l y s i s  i s  based 

on t h e  s e n s i t i v e  t i m e  l a g  model f i r s t  developed by Crocco. The a p p l i c a t i o n  of 

t h e  model d i scussed  i n  Sec t ion  3 c o n s i s t s  of two approaches,  The f i r s t  

approach is  a s i m p l i f i c a t i o n  of t h e  second f o r  t h e  purpose of making prel imi-  

na ry  estimates of t h e  system's s t a b i l i t y  wi thou t  r e s o r t i n g  t o  computerized 

models. The b a s i c  assumption on r e s t r i c t i o n  of t h e  f i r s t  approach i s  t h a t  

l o s s e s  a s s o c i a t e d  wi th  t h e  nozzle  geometry are cons t an t  f o r  a l l  modes i n  t h e  

chamber. By doing t h i s ,  t h e  gains  of t h e  system d e f i n e  t h e  range of frequen- 

cies a t  which i n s t a b i l i t y  is  l i k e l y  t o  occur.  Methods f o r  c a l c u l a t i n g  a c o u s t i c  

modes i n  t h e  chamber are given s o  t h a t  t h e  s t a b i l i t y  of a s p e c i f i c  system may 

b e  obtained.  The f u l l y  c h a r a c t e r i z e d  system may i d e n t i f y  problems concerning 

u n s t a b l e  modes r e q u i r i n g  t h e  use of t h e  devices  desc r ibed  i n  Sec t ion  5 f o r  

c o r r e c t i v e  a c t i o n  i n  t h e  design.  

The second approach d i scussed  i n  Sec t ion  3 al lows f o r  a more r i g o r -  

ous and, consequent ly ,  more a c c u r a t e  de t e rmina t ion  of t h e  s t a b i l i t y  of t h e  

system by u s i n g  t h e  computer model. 

The b a s i c  approach f o r  ana lyz ing  t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  of 

such an engine d i scussed  h e r e i n  i s  l i m i t e d  only by t h e  amount of e m p i r i c a l  

d a t a  a v a i l a b l e  on t h e  v a r i o u s  i n j e c t o r  element types.  

guide are e m p i r i c a l  c o r r e l a t i o n s  f o r  t h e  commonly used impinging c o a x i a l  

i n j e c t o r  and t h e  convent ional  impinging o r i f i c e  i n j e c t o r s .  I f  t h e  design t o  

b e  analyzed is  o t h e r  than t h e s e  types of e lements ,  Sec t ion  6 . 1  d e s c r i b e s  an 

experimental  method whereby us ing  a s u b s c a l e  t o o l ,  termed t h e  E x c i t a t i o n  

Chamber, t h e  necessa ry  d a t a  can be obtained.  

Included i n  the design 
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1.1, Scope and L i m i t a t i o n s  (cont . )  

The e m p i r i c a l  parameters r equ i r ed  f o r  a given i n j e c t o r  are b e s t  

desc r ibed  as being e q u i v a l e n t  t o  a g a i n  parameter ( i n t e r a c t i o n  index, n )  and 

a phase parameter ( t h e  s e n s i t i v e  t i m e  l a g ,  T ) ~  These two parameters coupled 

wi th  an assumed combustion response f u n c t i o n ,  7, which i s  i t s e l f  a f u n c t i o n  

of t h e s e  parameters and given by: 

Q'  
P 

c o n s t i t u t e  t h e  major assumption i n  t h e  model f i r s t  proposed by Crocco." 

J u s t i f i c a t i o n  f o r  t h e  assumed response f u n c t i o n  can b e  found i n  

several references"" as w e l l  as t h e  experimental  r e s u l t s  of Con t rac t  NAS 8- 

20672. I n  a d d i t i o n ,  t h e  more popular mechan i s t i c  s t a b i l i t y  model which is  

based on such p h y s i c a l  processes  as h e a t  t r a n s f e r  t o  t h e  d r o p l e t  o r  p r e s s u r e  

dependent v a p o r i z a t i o n  show i n  g e n e r a l  t h a t  such a response curve i s  r e a l i s t i c ,  

A b r i e f  d i s c u s s i o n  of t h e  v a r i o u s  s t a b i l i t y  models can be found i n  

Appendix A. 

The work conducted t o  d a t e  i n d i c a t e s  t h a t  t h e  i n t e r a c t i o n  index can 

be determined w i t h i n  - +15% of i t s  nominal v a l u e  and t h e  s e n s i t i v e  t i m e  l a g  

parameter?  when determined from t h e  e x c i t a t i o n  chamber d i scussed  i n  Sec t ion  5 ,  

w i t h i n  +5% of i t s  nominal value.  

based on d a t a  from convent ional  engine tests is  somewhat less a c c u r a t e  and 

gives  a nominal v a l u e  i n  t h e  o r d e r  of - +25% of t h e  s e n s i t i v e  t i m e  l a g .  

C o r r e l a t i o n  f o r  t h e  s e n s i t i v e  t i m e  l a g  - 

*Crocco, L. and Cheng, S, I . ,  "Theory of Combustion I n s t a b i l i t y  
i n  Liquid P r o p e l l a n t  Rocket Motors," AGARDograph No. 8, 
Butterworths S c i e n t i f i c  Pub. , Ltd. ,  London, 1956. 

Tenth Symposium ( I n t e r n a t i o n a l )  on Combustion, The Combustion I n s t i t u t e ,  
1965. 

""2. Crocco, L . ,  Grey, J . ,  and Harrje, D. T . ,  "Theory of Liquid P r o p e l l a n t  
Rocket Combustion I n s t a b i l i t y  and I ts  Experimental  V e r i f i c a t i o n ,  
ARS J o u r n a l ,  Vol. 30, No. 2,  February 1960. 

**le Crocco, L . ,  "Theore t i ca l  S tud ie s  on Liquid P r o p e l l a n t  Rocket I n s t a b i l i t y , "  
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1, I n t r o d u c t i o n  ( con t . )  

1.2 NATURE OF COMBUSTION INSTABILITY 

The s u b j e c t  of combustion i n s t a b i l i t y  may b e  d iv ided  i n t o  two 

c a t e g o r i e s .  Phenomena of t h e  f i r s t  type are t h e  r e s u l t s  of coupl ing between 

t h e  f eed  system and t h e  combustion p rocess ,  The f eed  system c o n t r i b u t i o n  i s  

gene ra l ly  considered analogous t o  t h a t  of a resonant  system wi th  cons t an t  

p a s s i v e - r e s i s t a n c e ,  wh i l e  t h e  combustion process  provides  t h e  d r i v i n g  f o r c e  

t o  maintain t h e  o s c i l l a t i o n  both i n  t h e  f e e d  system and i n  t h e  combustion 

process .  The classic t r ea tmen t  of one such sample rocke t  engine system w a s  

f i r s t  desc r ibed  by Summerfield*. 

complexity t h e  a n a l y t i c a l  formulat ion of f eed  system-coupled low frequency 

has  become more complex. I n  t h e  case of l a r g e  systems,  t h e  f r equenc ie s  of t h e  

f eed  system modes approach t h e  o rde r  of t h e  f r equenc ie s  of t h e  a c o u s t i c  modes 

of t h e  combustion chamber, n e c e s s i t a t i n g  a more r igo rous  t reatment  of t h e  com- 

b u s t i o n  chamber, I n  t h e  case  of t h e  staged-combustion cyc le s  t h e  complexity 

has  been i n c r e a s e d  by t h e  need t o  cons ide r  coupling between t h e  primary and 

secondary combustors as w e l l  as coupl ing between t h e  combustors and t h e i r  

r e s p e c t i v e  f e e d  systems. A t r ea tmen t  of f eed  system-coupled i n s t a b i l i t y  i s  

provided i n  t h e  references*fc. The a p p l i c a t i o n  t o  t h e  s t aged  combustion cyc le  

is c u r r e n t l y  be ing  t r e a t e d  a n a l y t i c a l l y  under Phase I1 of NAS-8-20672 and w i l l  

b e  discussed i n  t h e  subsequent f i n a l  r e p o r t .  

With an i n c r e a s e  i n  engine scale and system 

The second category of i n s t a b i l i t y  i s  termed high frequency o r  

i n t r i n s i c "  combustion i n s t a b i l i t y .  Other terms t h a t  have been used t o  

d e s c r i b e  t h i s  e f f e c t  are "resonant burning" , " a c o u s t i c  mode i n s t a b i l i t y " ,  

11 t a n g e n t i a l  i n s t a b i l i t y " ,  " r a d i a l  i n s t a b i l i t y " ,  " l o n g i t u d i n a l  i n s t a b i l i t y " ,  

11 

*Summerfield, Mart in ,  "A Theory of Unstable Combustion i n  Liquid P r o p e l l a n t  
Rocket Systems," ARS J o u r n a l ,  V o l .  2 1 ,  No. 5, September 1951, pp 108-114, 

**Report 20672-PIFY S t a b i l i t y  C h a r a c t e r i z a t i o n  of Advanced I n j e c t o r s ,  F i n a l  
Report on Phase I,  Contract  HAS 8-20672, Aerojet-General Corporat ion,  
25 October 1968. 
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1 . 2 , . N a t u r e  of Combustion I n s t a b i l i t y  (cont . )  

"combined modes i n s t a b i l i t y "  ( r e f e r r i n g  t o  combinations of t a n g e n t i a l ,  r a d i a l ,  

and l o n g i t u d i n a l  modes) ~ "screeching",  and "de tona t ion- l ike  modes of 

i n s t a b i l i t y  " . 

B a s i c a l l y ,  a l l  t h e s e  d e s c r i p t i o n s  i n d i c a t e  modes of i n s t a b i l i t y  

a s s o c i a t e d  w i t h  t h e  geometry of t h e  combustion chamber and t h e  p r o p e r t i e s  of 

the-combust ion gases .  The f requencies  observed correspond c l o s e l y  t o  t h e  

va lues  obta ined  us ing  t h e  speed of sound i n  combustion gases  and t h e  charac- 

t e r i s t i c  dimensions of t h e  chamber. 

1 .2 .1  P h y s i c a l  E f f e c t s  

Low frequency i n s t a b i l i t y  is  u s u a l l y  r e f l e c t e d  by s i g n i f i c a n t  

p e r i o d i c  v a r i a t i o n s  i n  t h e  p r o p e l l a n t  system p res su res  as w e l l  as i n  t h e  

chamber p r e s s u r e ,  These o s c i l l a t i o n s  produce a c c e l e r a t i o n  loads  on t h e  

components of t h e  engine  system which on occas ion  r e s u l t  i n  f a i l u r e  from 

o v e r s t r e s s  o r  f a t i g u e .  

High frequency o r  " i n t r i n s i c "  i n s t a b i l i t y  i s  observed as o s c i l l a -  

t i o n s  of l a r g e  p r e s s u r e  ampli tudes i n  t h e  combustion chamber, r e g a r d l e s s  of 

t h e  .response i n  t h e  f eed  system. Besides mechanical v i b r a t i o n s  t h a t  may be  

damaging t o  t h e  s t r u c t u r e ,  t h e r e  are l o c a l l y  i n t e n s e  i n c r e a s e s  i n  t h e  heat 

f l u x  r e s u l t i n g  i n  me l t ing  and e ros ion  of t h e  i n t e r i o r  s u r f a c e s .  

The onse t  of i n s t a b i l i t y  is o f t e n  very  sudden and v i o l e n t .  Even 

when system procedures  permit  shutdown and restart ,  t h i s  cannot b e  e f f e c t e d  

i n  t i m e  t o  prevent  s e r i o u s  damage. System s a f e t y  i s  t h e r e f o r e  dependent upon 

avoiding i n s t a b i l i t y  o r  upon i ts  suppress ion .  
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1.2,  Nature  of Combustion I n s t a b i l i t y  ( con t . )  

1.2.2 Combustion Response 

Combustion response  i s  g e n e r a l l y  used t o  d e s c r i b e  t h e  r a t i o  of t h e  

volumetr ic  burn ing  rate t o  t h e  l o c a l  p r e s s u r e ,  o r  what is sometimes r e f e r r e d  

t o  as t h e  combustion admit tance.  To d a t e  two b a s i c  approaches have been taken  

t o  desc r ibe  combustion response.  The f i r s t  i s  r e f e r r e d  t o  as t h e  " h e u r i s t i c  

approacb" where t h e  combustion response i s  assumed t o  have a c e r t a i n  shape 

such as t r i g o m e t r i c  f u n c t i o n  which varies w i t h  frequency,  t hus  a l lowing  i t  t o  

b e  desc r ibed  i n  two parameters  (phase and ga in ) .  

s i d e r e d  t o  b e  c h a r a c t e r i s t i c  of t h e  i n j e c t o r  des ign  and p r o p e l l a n t s  used. 

J u s t i f i c a t i o n  f o r  t h i s  approach can be  found i n  t h e  c i t e d  references*.  The 

second approach, g e n e r a l l y  r e f e r r e d  t o  as the "mechanis t ic  approach," r e q u i r e s  

t h a t  s p e c i f i c  processes  such as v a p o r i z a t i o n ,  mixing o r  k i n e t i c s  be  i d e n t i f i e d  

as t h e  r a t e - c o n t r o l l i n g  process .  Typ ica l  of t h i s  type  of approach are t h e  

models d i scussed  b r i e f l y  i n  Appendix A and i n  t h e  references**. 

These parameters  are con- 

The former approach i s  t h e  one which forms t h e  b a s i s  f o r  t h e  des ign  

methods desc r ibed  i n  t h i s  r e p o r t .  It i s  worth n o t i n g  t h a t  t o  t h e  f i r s t  o rde r  

t h e  shape of t h e  combustion response r e s u l t i n g  from t h e  two approaches i s  

g e n e r a l l y  t h e  same when e i t h e r  mixing o r  v a p o r i z a t i o n  i s  assumed t o  b e  t h e  

r a t e - c o n t r o l l i n g  processes  i n  t h e  mechan i s t i c  approach. 

The assumption of a combustion response,  which can be  c h a r a c t e r i z e d  

by i n j e c t o r  and p r o p e l l a n t  parameters ,  a l lows  t h e  t h e o r e t i c i a n  t o  d e s c r i b e  

i m p l i c i t l y  t h e  energy i n p u t  t o  t h e  system and how i t  varies wi th  frequency.  

*1, Crocco and Cheng, op c i t .  
2. Crocco, L . ,  op c i t .  
3. Crocco, Grey, and Harrje, op c i t .  

f c * l .  Dykema, 0. W e  , "An Engineer ing Approach t o  Combustion I n s t a b i l i t y , "  2nd 
Combustion Conference,  ICRPG, CPIA P u b l i c a t i o n  No. 105, May 1966. 

C h a r a c t e r i s t i c s  of P r o p e l l a n t  Vapor iza t ion ,"  NASA TN D-3749, 
December 1966. 

2. Heidman, M. F , ,  and Weiber, P. R. ,  11 Analys is  of Frequency Response 

Page 5 



Report 20672-P2D 

1.2,  Nature of Combustion I n s t a b i l i t y  ( con t . )  

To demonstrate p h y s i c a l l y  t h e  s i g n i f i c a n c e  of t h e  combustion 

response,  i f  i t  is assumed t h e  combustion is  concen t r a t ed  a t  one of t h e  

boundaries of t h e  system and i f  t h e  mean o r  s t e a d y  flow e f f e c t s  are ignored,  

t h e  l o c a l  energy i n p u t  t o  t h e  system is given by t h e  product of t h e  l o c a l  

p e r t u r b a t i o n  p r e s s u r e  and v e l o c i t y ,  o r  s i n c e  t h e  admit tance is t h e  r a t i o  of 

t h e s e  parameters ,  t h e  l o c a l  energy i n p u t  can be expressed as t h e  product of 

the-combustion response (G)  and t h e  squa re  of t h e  l o c a l  p r e s s u r e  (P) o r :  

E = G i 2  

This i s ,  i n  gene ra l ,  an o v e r s i m p l i f i c a t i o n ;  however, i t  does g ive  a 

f e e l i n g  f o r  t h e  s i g n i f i c a n c e  of combustion response.  This s i m p l i f i c a t i o n  a l s o  

p o i n t s  t o  one o t h e r  obse rva t ion  which can b e  made: t h a t  t h e  energy i n p u t  i s  

dependent on t h e  l o c a l  p r e s s u r e  s o  t h a t  sources  i n  r eg ions  of low a c o u s t i c  

p r e s s u r e  do no t  c o n t r i b u t e  much t o  t h e  combustion response.  This  concept,  

then,  l e a d s  t o  t r ea tmen t  of i n j e c t i o n  d i s t r i b u t i o n  e f f e c t s  which are quant i -  

t i z e d  i n  S e c t i o n  4.  Knowing t h e  combustion response g ives  one of t h e  two 

major ingredients-- the energy i n p u t  i n  determining t h e  s t a b i l i t y  of a system. 

The i n d i c a t e d  r e fe rences*  g i v e  j u s t i f i c a t i o n  f o r  t h e  assumed 

response f u n c t i o n  used i n  t h e  h e u r i s t i c  approach as based on t h e  p h y s i c a l  

processes  which occur  i n  a rocke t  engine during combustion; t h e r e f o r e ,  i t  is  

no t  t oo  s u r p r i s i n g  t h a t  agreement e x i s t s  between t h e  mechanis t ic  and h e u r i s t i c  

approach. Consider f o r  example t h e  mechanis t ic  model proposed by Dykema*’Jc, 

keeping i n  mind t h a t  t h e  h e u r i s t i c  approach r e s u l t s  i n  t h e  combustion response 

being desc r ibed  by a magnitude (gain)  and a phase parameter. This model con- 

s i d e r s  a f u e l  o r  o x i d i z e r  d r o p l e t ,  s p h e r i c a l  i n  shape,  i n  e i t h e r  an ox id iz ing  

*le Crocco and Cheng, op c i t .  
2. Crocco, L , ,  op c i t .  . 

3. Crocco, Grey, and Harrje, op c i t .  
**Dykema, 0. W , ,  op c i t .  
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1.2,  Nature of Combustion I n s t a b i l i t y  (cont . )  

o r  reducing atmosphere. The mechanism o r  process  which i s  r a t e - c o n t r o l l i n g  is  

t h e  d i f f u s i o n  p rocess ,  t h e  rate of d i f f u s i o n  being analogous t o  a magnitude 

parameter and t h e  t i m e  r e q u i r e d  t o  d i f f u s e  t o  t h e  flame s u r f a c e  from t h e  dron- 

l e t  s u r f a c e  being analogous t o  a phase o r  time-lag parameter. I n  g e n e r a l ,  i t  

can b e  s a i d  t h a t  both t h e  h e u r i s t i c  and mechan i s t i c  response curves* can be 

desc r ibed  as having a maximum a t  a given frequency and t h e  response dec reas ing  

on e i t h e r  s i d e  of t h e  s e n s i t i v e  o r  p r e f e r r e d  frequency. This d e s c r i p t i o n  

g e n e r a l l y  a l s o  a p p l i e s  t o  t h e  h e u r i s t i c  model response f u n c t i o n  and t h e  

response f u n c t i o n  approaches d i f f e r  only i n  t h e  shape of t h e  curve. 

1.2.3 Acoust ic  Modes 

The most common modes of i n s t a b i l i t y  observed i n  a rocke t  engine 

are gene ra l ly  r e f e r r e d  t o  as e i t h e r  l o n g i t u d i n a l  o r  t r a n s v e r s e .  I n  t h e  case 

of t h e  l o n g i t u d i n a l  modes t h e  frequency can be e s t ima ted  by cons ide r ing  t h e  
combustion chamber as a c losed  tube w i t h  t h e  i n j e c t o r  a t  one end and t h e  nozzle  

a t  t h e  o t h e r .  A s  a f i r s t  approximation of t h e  e f f e c t i v e  l eng th  ( see  F igu re  1). 

F igure  1 -- Combustion Chamber Schematic 

*le Dykema, 0. W . ,  op c i t .  
2. Heidman and Wieher, op c i t .  
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1.2,  Nature of Combustion I n s t a b i l i t y  ( con t . )  

t ak ing  t h e  e n t i r e  l e n g t h  of t h e  c y l i n d r i c a l  s e c t i o n  E, p l u s  2 /3  t h e  nozzle  

c o n i c a l  s e c t i o n  l e n g t h  gives  f o r  t h e  l o n g i t u d i n a l  mode f r equenc ie s :  

C 
n t h  l o n g i t u d i n a l  mode (f n ) = n/2 -% + 2/3  E2t2' n = 1, 2, 3 Eq 3 

I f  t h e  chamber Mach number becomes e x c e s s i v e l y  l a r g e ,  t h e  travel t i m e  

o f - t h e  wave toward t h e  nozzle  i n c r e a s e s  and t h a t  toward t h e  i n j e c t o r  i s  reduced. 

A c o r r e c t i o n  f a c t o r  has  been de r ived  f o r  approximating t h e  s h i f t  i n  frequency 

due t o  t h e  presence of mean flow" which i s  given by: 

2 
= f  (1 - Mc) mean no f *q 4 

flow flow 

A s  a f i r s t  approximation f o r  t h e  t r a n s v e r s e  mode t h e  chamber i s  

t r e a t e d  as a c y l i n d e r  of r a d i u s  r and t h e  t r a n s v e r s e  mode f r equenc ie s  are 

given by 
C 

where t h e  v a l u e  of S i s  unique f o r  each t r a n s v e r s e  mode. A l i s t  of t h i s  S 

c o e f f i c i e n t  i s  given i n  Table 3 ,  Sec t ion  3 .1  f o r  t h e  v a r i o u s  types of t r ans -  

v e r s e  modes ( i . e e ,  r a d i a l  o r  l o n g i t u d i n a l ) .  A p h y s i c a l  d e s c r i p t i o n  of each of 

t h e s e  modes i s  found i n  Sec t ion  6. 

V r l  Vr\ 

Mathematically t h e  cons t an t  S is de r ived  i n  t h e  fol lowing fashion.  
Vrl 

S t a r t i n g  wi th  t h e  wave equat ion i n  c y l i n d r i c a l  coord ina te s  

$:Handbook of A s t o n a u t i c a l  Engineering, Heinz Hermann Koel le ,  E d i t o r ,  
Combustion Parameters and I n t e r i o r  Flow" by R. S. Levine,  pp 20-57 through I t  

20-68. McGraw H i l l  Book Co., 1961. 
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1.2,  Nature of Combustion I n s t a b i l i t y  ( con t . )  

where 

1 a2p + - -  2 a2P 1 ap v P = - + -  
2 r ar r2 a e 2 '  ar 

The s e p a r a t i o n  of v a r i a b l e s  technique d i scussed  i n  d e t a i l  i n  

Reference * is  used t o  s o l v e  t h e  above wave equat ion.  

i s  of t h e  form 

The r e s u l t i n g  s o l u t i o n  

p = Ju (Svn r / r c )  COS v 8 Eq 7 

f o r  t h e  s t a n d i n g  modes desc r ibed  i n  S e c t i o n  6. 

The va lue  of S i s  d i c t a t e d  by t h e  f a c t  t h a t  a t  t h e  chamber w a l l  
V r l  

t h e  v e l o c i t y  normal t o  t h e  s o l i d  w a l l  must be zero.  

f o r  a system w i t h  no mean flow t h i s  boundary cond i t ion  r e q u i r e s  t h a t  

From t h e  momentum equa t ion  

r /rc = 1 

aV 
- - p a t  = O a t r  = 

ap 
ar 
- -  

The va lues  of S given i n  Table  
V r l  

J' 
U 

The va lue  of 

is  d e s i r e d  as i n d i c a t e d  

S used depends on 

i n  t h e  t a b l e .  
V r l  

P h y s i c a l l y  t h e  nozzle  r e p r e s e n t s  

r .  Eq 8 C 

3 s a t i s f y  t h e  cond i t ion  t h a t  a t  

Eq 9 

t h e  mode f o r  which t h e  frequency 

a "hole1' i n  t h e  a c o u s t i c  c a v i t y  

(chamber) from which energy can b e  r a d i a t e d .  

can b e  r a d i a t e d  is  measured by t h e  nozz le  admittance which i s  d i scussed  i n  t h e  

The degree t o  which t h i s  energy 

*C. R. Wylie, Advanced Engineering Mathematics, Second E d i t i o n ,  M c G r a w - H i l l  
Book Go., 1960. 
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1 . 2 ,  Nature of Combustion I n s t a b i l i t y  (cont . )  

body of t h e  t e x t ,  S u f f i c e  i t  t o  say  t h a t  t h e  l a r g e r  t h e  real  p a r t  of t h e  

nozzle  admit tance t h e  g r e a t e r  t h e  nozzle  l o s s e s .  Based on s t u d i e s  of t h e  

parameters t h a t  a f f e c t  nozz le  admit tance t h e  v a r i a t i o n  is  of t h e  o r d e r  shown 

i n  Table 1, S e c t i o n  3.1. 
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I N I T I A L  DESIGN 

The purpose of t h i s  s e c t i o n  i s  t o  acqua in t  t h e  des igne r  w i t h  t h e  

terminology and parameters a s s o c i a t e d  w i t h  combustion s t a b i l i t y .  

The s t a b i l i t y  of a r o c k e t  engine system, as t r e a t e d  i n  t h i s  gu ide ,  

i s  dependent upon t h r e e  f a c t o r s :  

a 

b The combustion response as t h e  r e s u l t  of t h e  type 

The thermodynamic p r o p e r t i e s  of t h e  p r o p e l l a n t s ,  

of i n j e c t i o n  and mixing employed, 

The a c o u s t i c  p r o p e r t i e s  of t h e  combustion chamber, 
i nc lud ing  i t s  c a p a c i t y  f o r  damping. 

c 

It may be presumed t h a t  t h e  des igne r  has  no op t ion  i n  t h e  cho ice  of o p e r a t i n g  

system and p r o p e l l a n t s ;  t h e s e  are determined by t h e  o r i g i n a l  mission r equ i r e -  

ments and may be t r e a t e d  as i n i t i a l  des ign  c o n s t r a i n t s .  Moreover, t h e  b a s i c  

des ign  of t h e  chamber and i n j e c t o r  is  u s u a l l y  d i c t a t e d  by c o n s i d e r a t i o n s  of 

combustion e f f i c i e n c y ,  a v a i l a b l e  space envelope, s t r u c t u r a l  n e c e s s i t y ,  coo l ing  

requirements,  and p r o p e l l a n t  system feed  p r e s s u r e s .  By t h e  t i m e  a t t e n t i o n  can 

b e  d i r e c t e d  t o  matters of s t a b i l i t y ,  most of t h e  important design parameters  

have been e s t a b l i s h e d  and t h e  engineer  i s  l i m i t e d  t o  compromises, most ly  

a f f e c t i n g  t h e  i n j e c t o r  p a t t e r n  and t h e  nozz le  contour .  

2 . 1  INJECTOR VARIABLES 

I n  a c t u a l  d e s i g n  p r a c t i c e  t h e  primary i n j e c t o r  parameters -- chamber 

p re s su re ,  mix tu re  r a t i o ,  p r o p e l l a n t  i n l e t  p re s su res ,  injector-chamber diameter  -- 
are set w i t h i n  c e r t a i n  l i m i t s  by mission c o n s i d e r a t i o n s .  I n  a d d i t i o n ,  t h e  cho ice  

of i n j e c t i o n  p a t t e r n  i s  l i m i t e d  by t h e  requirement t o  ma in ta in  combustion e f f i -  

c i ency  above a c e r t a i n  percentage of t h e  t h e o r e t i c a l  maximum. A p o r t i o n  of t h e  

p r o p e l l a n t  f low may a l s o  b e  d i v e r t e d  f o r  coo l ing  t h e  more s e n s i t i v e  s u r f a c e  of 

t h e  chamber and i n j e c t o r .  
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2.1,  I n j e c t o r  Var i ab le s  ( c o n t . )  

The d u r a t i o n  of t h e  combustion time-lag may be modified cons ide rab ly  

by t h e  method employed f o r  i n j e c t i n g  t h e  p r o p e l l a n t s .  B a s i c a l l y ,  t h e  i n j e c t i o n  

systems may b e  divided i n t o  p a r a l l e l - i n j e c t i n g  and impinging types .  Examples 

of t h e  most common i n j e c t i o n  elements are diagrammed i n  Figure 2 .  

The p a r a l l e l - i n j e c t i n g ,  o r  "showerhead" type  i s  s i m p l e s t .  Oxidizer  

o r i f i c e s  are i n t e r s p e r s e d  wi th  f u e l  o r i f i c e s  i n  e i t h e r  a symmetrical o r  axisym- 

metrical d i s t r i b u t i o n  w i t h  t h e  axes of t h e  o r i f i c e s  p a r a l l e l  t o  each o t h e r .  

This l e a d s  t o  r e l a t i v e l y  slow v a p o r i z a t i o n  and mixing, and a long t o t a l  t i m e -  

l a g .  However, t h e  las t ,  o r  s e n s i t i v e ,  p o r t i o n  of t h e  l a g  may be v e r y  s h o r t ,  

depending on t h e  v e l o c i t y  of i n j e c t i o n  and t h e  spacing between o r i f i c e s .  

Impinging types may be c l a s s i f i e d  as " l i k e "  o r  "unlike".  I n  t h e  

former, each element i s  produced by two o r  more streams of t h e  same p r o p e l l a n t  

impinging t o  form a sp ray .  Fuel and o x i d i z e r  sp rays  d i f f u s e  and react. The 

rate of r e a c t i o n  w i l l  be  a f f e c t e d  by f a c t o r s  t h a t  govern t h e  s i z e  and d i s p e r -  

s i o n  of t h e  sp ray  d r o p l e t s  -- namely, t h e  v e l o c i t y  of i n j e c t i o n ,  a n g l e  of 

impingement, and t h e  s i z e  and d i s t r i b u t i o n  of t h e  o r i f i c e s .  

The I'unlike'' impinging types combine t h e  f u e l  and o x i d i z e r  streams 

immediately upon i n j e c t i o n .  The v a r i o u s  combinations are designed "one-on- 

one," t r i p l e t ,  quad le t ,  pentad,  e tc . ,  as two, t h r e e ,  f o u r ,  f i v e ,  o r  more 

streams compose each element.  I n  gene ra l ,  t h e  r e a c t i o n  t i m e  of t h e  "unl ike" 

impinging types  i s  less than  f o r  t h e  o t h e r s  d i scussed ,  b u t  t h e  important vari- 

a b l e s  are s t i l l  v e l o c i t y  of i n j e c t i o n ,  a n g l e  of impingement, and t h e  o r i f i c e  

s i z e  and d i s t r i b u t i o n .  

The "coaxial" i n j e c t i o n  element i s  formed by t h e  i n t e r s e c t i o n  of 

two c o n i c a l  streams having a common a x i s .  

Page 13  
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2 ,  I n i t i a l  Design ( con t . )  

2 . 2  CHAMBER VARIABLES 

The c o n t r i b u t i o n  of t h e  combustion chamber t o  s t a b i l i t y  is  l a r g e l y  

determined by i t s  a c o u s t i c  p r o p e r t i e s  -- t h a t  i s ,  t h e  o r i e n t a t i o n  and f r e -  

quency of t h e  modes of resonance and t h e  c a p a c i t y  f o r  damping. The only 

f a c t o r  t h a t  r e q u i r e s  c o n s i d e r a t i o n  i n  r e s p e c t  t o  s t a b i l i t y ,  t h e r e f o r e ,  i s  

t h e  geometry of t h e  chamber i n t e r i o r .  

The o r i e n t a t i o n  of t h e  r e sonan t  f r equenc ie s  i s  determined by t h e  

f r e e  pa ths  f o r  wave t r a v e l .  Since most combustors g e n e r a l l y  have symmetry i n  

a c y l i n d r i c a l  s ense  wi th  t h e  a x i a l  d i r e c t i o n  passing through t h e  t h r o a t  of 

t h e  combustion chamber, t h e  fol lowing nomenclatuye compatible wi th  a c y l i n d r i -  

c a l  coord ina te  system has been adapted t o  i d e n t i f y  modes of i n s t a b i l i t y :  

l o n g i t u d i n a l  modes f o r  p r e s s u r e  o s c i l l a t i o n s  i n  t h e  a x i a l  d i r e c t i o n  and i n  

t h e  d i r e c t i o n  of flow; r a d i a l  modes f o r  p r e s s u r e  o s c i l l a t i o n s  t r a n s v e r s e  t o  

t h e  d i r e c t i o n  of flow i n  t h e  r a d i a l  d i r e c t i o n  of t h e  c y l i n d r i c a l  coord ina te  

system; and t a n g e n t i a l  modes i n  t h e  d i r e c t i o n  of changing angu la r  p o s i t i o n  

and t r a n s v e r s e  t o  flow. 

depending on t h e  geometry of t h e  system. A p i c t o r i a l  p r e s e n t a t i o n  of t h e s e  

models are found i n  F igu re  3 .  

These modes may appear s i n g u l a r l y  o r  combined 

The most commonly employed chamber type  i s  t h e  c y l i n d r i c a l ,  

Figure 3a, which i s  s u b j e c t  t o  a l l  t h e  modes desc r ibed  above. The frequency 

of t h e  l o n g i t u d i n a l  modes i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  l e n g t h  of t h e  

chamber up t o  t h e  nozzle ,  t h a t  of t h e  t r a n s v e r s e  modes i n v e r s e l y  t o  t h e  

chamber diameter .  

The c o n i c a l  chamber, shown i n  Figure 3b, i s  a v a r i a t i o n  of t h e  

c y l i n d r i c a l  chamber. The converging a n g l e  modif ies  t h e  f r equenc ie s  of t h e  

n a t u r a l  chamber resonances,  b u t  t h e  same a c o u s t i c  modes are p r e s e n t .  
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2 . 2 ,  Chamber Var i ab le s  ( con t . )  

The annu la r  chamber, Figure 3c, is  simply a c y l i n d r i c a l  chamber 

wi th  a l a r g e  c e n t e r  body. This l a t t e r  i n h i b i t s  t h e  development of r a d i a l  

modes and permits  a d d i t i o n a l  v a r i a t i o n s  i n  nozz le  contour t h a t  a f f e c t  t h e  

damping c a p a c i t y .  

The r e c t a n g u l a r  chamber may be t r e a t e d  as a small segment of an  

annu la r  chamber of ve ry  l a r g e  r a d i u s .  The f r equenc ie s  of l o n g i t u d i n a l  o s c i l -  

l a t i o n s  are t h e  same as f o r  t h e  c y l i n d r i c a l  chamber. The t r a n s v e r s e  o s c i l l a -  

t i o n s  va ry  i n v e r s e l y  w i t h  t h e  d i s t a n c e  between t h e  oppos i t e  w a l l s .  

The l e n g t h  and diameter of t h e  chamber and t h e  chamber p r e s s u r e  are 

se t  w i t h i n  f a i r l y  c l o s e  l i m i t s  by performance requirements .  

area open t o  mod i f i ca t ion  f o r  purposes of s t a b i l i z i n g  combustion is  t h e  con- 

f i g u r a t i o n  of t h e  nozzle .  The e f f e c t s  of damping are subsumed under t h e  term 

nozzle  admit tance.  The p r i n c i p a l  f a c t o r s  a f f e c t i n g  t h e  admit tance are  Mach 

number, t h e  l e n g t h  and ang le  of t h e  convergent s e c t i o n ,  and t h e  r a d i i  a t  t h e  

approach and a t  t h e  t h r o a t .  Add i t iona l  e f f e c t s  are produced by v i scous  drag 

a t  t h e  chamber w a l l s  and changes i n  t h e  gas c o n s t i t u e n t s  as they are t r a n s -  

ported along t h e  chamber. 

i nc reased  are d i scussed  i n  Sec t ion  3.2.  

The p r i n c i p a l  

The techniques by which t h e  nozz le  damping may be 
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3. STABILITY EVALUATION 

It i s  t h e  i n t e n t  of t h i s  s e c t i o n  t o  provide  t h e  des igner  w i t h  a pro- 

cedure f o r  e v a l u a t i n g  t h e  s t a b i l i t y  of  t h e  system w i t h  which he  is concesned, 

t o  d i scuss  t h e  i n f l u e n c e  of c e r t a i n  parameters  t h a t  are known t o  a f f e c t  

s t a b i l i t y ,  and t o  p r e s e n t  some gu ide l ines  t h a t  have been found h e l p f u l  i n  

s t a b i l i z i n g  an  uns t ab le  design.  

3.1 - DETERMINING STABILITY 

The approach used i n  e v a l u a t i n g  t h e  s t a b i l i t y  o f  a system i s  t o  com- 

pa re  t h e  rate a t  which t h e  volumetr ic  burn ing  rate i s  inc reased  f o r  a u n i t  

change i n  chamber p r e s s u r e  (combustion response)  w i t h  t h e  ra te  a t  which gases  

are expe l l ed  from t h e  chamber f o r  a given u n i t  change i n  p r e s s u r e  (nozz le  

response) .  

It i s  n o t  p o s s i b l e  w i t h  t h e  l i n e a r  model, which i s  t h e  b a s i s  o f  t h i s  

des ign  guide,  t o  t reat  induced p e r t u r b a t i o n s  q u a n t i t a t i v e l y .  This  i s  a non- 

l i n e a r  phenomena ( i . e . ,  combustion response  i s  dependent on t h e  nagni tude  of  

t h e  p r e s s u r e  ampli tude)  and as such r e q u i r e s  a non- l inear  a n a l y s i s .  However, 

exper ience  shows t h a t  a q u a l i t a t i v e  t rea tment  of  t h e  problem i s  p o s s i b l e  wi th  

t h e  d a t a  provided .  That is  t o  s a y ,  t h e  most l i k e l y  modes of i n s t a b i l i t y  can 

b e  i d e n t i f i e d ,  and by r e f e r r i n g  t o  Sec t ion  5 t h e  des igne r  can then  cons ide r  

what s o r t  of damping device  would b e  r equ i r ed  and t h e  phys ica l  c h a r a c t e r i s t i c s  

i t  should  have.  

F igu re  4 i s  a p l o t  showing t h e  assumed shape of t h e  combustion 

response curve.  This  curve  i s  de f ined  by t h e  r e l a t i o n s h i p  

Eq. 10  
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3.1, Determining S t a b i l i t y  (cont . )  

cu. 0 
0 
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3.1,  Determining S t a b i l i t y  (cont . )  

where n 

n i t u d e  of t h e  i n j e c t o r  response a t  t h e  most s e n s i t i v e  frequency, f . The 

sensi t ive frequency is  a l s o  experimental ly  determined and r e p r e s e n t s  t h e  

frequency a t  which a given i n j e c t o r  e x h i b i t s  i t s  maximum g a i n  ( i . e . ,  

N i n j e c t o r  

i s  an expe r imen ta l ly  determined parameter used t o  d e s c r i b e  t h e  mag- 
0 

S 

i s  a t  a maximum). 

- C o r r e l a t i o n s  f o r  f are given i n  t h e  fol lowing s e c t i o n s  a s  a f u n c t i o n  
S 

of i n j e c t o r  design and o p e r a t i n g  parameters .  A s  determined expe r imen ta l ly ,  n 

w a s  found t o  b e  i n s e n s i t i v e  t o  i n j e c t o r  design and o p e r a t i n g  cond i t ions  evalu- 

a t e d  during t h i s  program and a l s o  t o  range i n  magnitude from 0.40 t o  0.60. 

For t h e  purpose of any des ign  examples p re sen ted ,  t h e  va lue  0.60 i s  used s i n c e  

t h i s  is  t h e  most conse rva t ive  ( i . e . ,  most u n s t a b l e  cond i t ion )  from t h e  stand- 

p o i n t  of a n t i c i p a t i n g  an i n s t a b i l i t y  problem. The parameter f r e p r e s e n t s  t h e  

frequency of i n t e r e s t .  

0 

Also i n d i c a t e d  i n  F igu re  4 i s  t h e  magnitude of t h e  chamber response,  

. I n  t h e  design examples which fol low,  t h i s  parameter,  which i s  a Nchamb e r  
measure of t h e  chamber's a b i l i t y  t o  expe l  t h e  a d d i t i o n a l  gas volume generated 

by an u n s t a b l e  combustion p rocess ,  i s  assumed t o  b e  independent of frequency 

over a given frequency range.  I n  Sec t ion  4 ,  U s e  of t h e  Computer, t h e  model 

allows t h i s  parameter t o  vary.  The f u n c t i o n  is  h e l d  cons t an t  i n  t h i s  s e c t i o n  

t o  p e r m i t  a p re l imina ry  de t e rmina t ion  of s t a b i l i t y  wi thou t  r e s o r t i n g  t o  t h e  

complex computer program. D i f f e r e n t  cons t an t  values  f o r  N are s u p p l i e d ,  

however, depending on t h e  type of chamber considered ( i .  e . ,  c y l i n d r i c a l ,  

annu la r ,  r e c t a n g u l a r ,  e t c . ) .  The va lues  f o r  t h e  va r ious  types of chambers can 

b e  found i n  Table 1, page 23. 

chamber 

The procedure f o r  e v a l u a t i n g  system s t a b i l i t y  i s  o u t l i n e d  below and 

involves  t h r e e  b a s i c  s t e p s :  (1) determining the  i n j e c t o r  response curve,  

(2) determinat ion of t h e  chamber response based on t h e  type of chamber, and 
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3.1, Determining S t a b i l i t y  (cont . )  

( 3 )  determina t ion  of t h e  a c o u s t i c  modes o f  t h e  chamber i n  t h e  v i c i n i t y  of t h e  

frequency range  where t h e  i n j e c t o r  shows a h igh  response.  

S tep  1. Determinat ion o f  t h e  I n j e c t o r  Response Curve 

From Equation LO i t  can be  seen  t h a t  two parameters  are r equ i r ed  t o  

i d e n t i f y  t h e  i n j e c t o r  response  curve--the s e n s i t i v e  frequency ( f  ) and t h e  

i n j e c t o r  response  magnitude parameter  (n  ) .  
S 

0 

From exper imenta l  r e s u l t s  t o  d a t e ,  t h e  i n j e c t o r  response has  been 

found t o  b e  n e a r l y  c o n s t a n t  and ranging from 0.40 t o  0.60. The recommended 

va lue  f o r  use is  0.60. The va lue  of  f i s  dependent on t h e  type  o f  i n j e c t o r  

o r i f i c e  element be ing  used and ope ra t ing  condi t ions .  Empir ical  r e l a t i o n s h i p s  

f o r  two types  of  i n j e c t o r  e lements  i n v e s t i g a t e d  i n  t h i s  program, t h e  impinging 

c o a x i a l  e lement  and t h e  convent iona l  impinging e lements ,  are 

S 

f o r  t h e  impinging c o a x i a l  element 

0.15 1 /3  4550 (% ,- ) (P,) 
L. 

f _  = 
I 

8 
J 

d F(VR s i n $ )  
0 

Eq. 11 

and f o r  a convent iona l  impinging element 

Eq. l l a  
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3.1, Determining S t a b i l i t y  (cont . )  

where 

M = chamber Mach number a t  t h e  i n j e c t o r  f ace .  

P = r a t i o  of chamber p r e s s u r e  (P ) t o  t h e  c r i t i c a l  
C 

r p r e s s u r e  of  oxygen (P foCr P < P c r i  t c - c r i t  

(Pr = 1 .0  f o r  P > P ). 
C c r i  t 

d = diameter  o f  o x i d i z e r  o r i f i c e  ( inches)  

F (VR s i n  0) i s  de f ined  by Figure  5. 

VR = I n j e c t i o n  v e l o c i t y  r a t i o  ( f u e l / o x i d i z e r )  

4 = inc luded  ang le  between f u e l  and o x i d i z e r  stream 

0 

Example 1: Assume LO /LH p r o p e l l a n t s  w i t h  c o a x i a l  i n j e c t i o n .  2 2  

A. Mach Number (Mc) = 0.182 

(Assume A /At  = 3.33, y = 1 .2 )  
C 

B.  Pr = 1 .0  ( s i n c e  P 'cr i t  1 
C 

C.  Oxidizer  i n j e c t i o n  v e l o c i t y  = 50 f t / s ec  

Fuel  i n j e c t i o n  v e l o c i t y  = 500 f t / s e c  

VR = 10.0 

D. Oxidizer  o r i f i c e  diameter  (d ) = 0.100 i n .  
0 

E. 4 = 7.5 degrees  

.** F (VR s i n  4)  = 1.30  (see Figure  5) 
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3.1, Determining S t a b i l i t y  ( c o n t . )  

4550 z- 0.15 x ( P y 3  
L Then f =  L 

F (VR s i n  +) ' ox d S 

0.15 
(l 'o) = 4930 Hz. 4550 (0 .180)  - - 

,l l r  

x 1 .01  U.13  (0  * 100) 

Step 2.  Determine Chamber Response (N 1 chamber 

The t e r m  N d e f i n e s  t h e  minimum chamber response r e q u i r e d  t o  

e s t a b l i s h  an a c o u t i c  i n s t a b i l i t y  w i t h i n  t h e  chamber. This  term is s t r o n g l y  

dependent upon t h e  c h a r a c t e r i s t i c s  of t h e  nozzle .  Table 1 l is ts  t h e  i n t e r -  

a c t i o n  i n d i c e s  ob ta ined  f o r  a v a r i e t y  of chamber shapes wi th  uniform i n j e c t i o n .  

chamber 

Table 1 -- Chamber Response as Function of Chamber Type 

(Nchamb er s 1 
(Fundamental and Higher 

* Type 

C y l i n d r i c a l  

Annular 

Conical 

Re c t an gu la r  

Order Modes) 

0.35 t o  0.75 

0.90 t o  1.30 

0.45 t o  0.75 

1.00 i o  1.40 

Because of t h e  complexity of t h e  equa t ions  (see Volume 2) and t h e  

chamber number of d a t a  p o i n t s  r e q u i r e d  t o  d e f i n e  a p l o t  of N i t  i s  recommended 

t h a t  t h i s  parameter be eva lua ted  by running t h e  a p p r o p r i a t e  subprograms of t h e  

Combustion S t a b i l i t y  Computer Program whenever p o s s i b l e .  

Table 8, f o r  t h e  r e q u i r e d  i n p u t ) .  The ou tpu t  of t h e  computer program i n  terms 

(See Sec t ion  4 ,  

- which can b e  converted t o  N by the  r e l a t i o n s h i p  N - 
nmin chamber chamber 

2 x n  a min 

Page 23 



Report 20672-P2D 

3.1, Determining S t a b i l i t y  (cont.  ) 

C e r t a i n  g u i d e l i n e s  can b e  e s t a b l i s h e d  f o r  s e l e c t i o n  of N when chamber 
i t  i s  n o t  p o s s i b l e  t o  use t h e  computer program. 

1. 

2. 

3 .  

4 .  

For t h e  most conse rva t ive  estimate of sys  t e m  s t a b i l i t y  

( i . e . ,  most l i k e l y  t o  b e  uns t ab le )  p i c k  t h e  lowest va lue  

>. 
Of ch amb e r 

Low va lues  of N are g e n e r a l l y  a s s o c i a t e d  w i t h  high 

c o n t r a c t i o n  r a t i o  chambers o r  low Mach numbers ( i . e , ,  

M < 0.20).  

chamber 

c -  

High va lues  of N are g e n e r a l l y  a s s o c i a t e d  wi th  h igh  

c o n t r a c t i o n  r a t i o s  o r  h igh  Mach numbers ( i . e . ,  Mc - > 0.30).  
chamber 

For annu la r  n o z z l e s ,  pa rame t r i c  s t u d i e s  i n d i c a t e  a g r e a t e r  

than 20% i n c r e a s e  i n  N 

t h e  n o z z l e  as shown i n  Table 2 and F igu re  6 ,  Case 5 as 

c o n t r a s t e d  wi th  Case 8. 

can b e  obtained by forming chamber 

S t e p  3 .  C a l c u l a t e  t h e  Frequencies of t h e  Acoust ic  Modes of t h e  
Chamber 

Chamber mode frequency, f c ,  i s  t h e  f i n a l  parameter needed t o  con- 

s t r u c t  t h e  response graph and r e p r e s e n t s  t h e  va r ious  r e sonan t  f r equenc ie s  

which can e x i s t  i n  a p a r t i c u l a r  chamber i n  t h e  t r a n s v e r s e  and l o n g i t u d i n a l  

d i r e c t i o n s .  These f r equenc ie s  may b e  determined from t h e  a c o u s t i c  equat ion:  

speed of sound 
wave l eng th  Frequency = Eq. 12  
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3.1, Determining S t a b i l i t y  ( con t . )  

For l o n g i t u d i n a l  modes , t h e  c h a r a c t e r i s  t i c  l e n g t h  i s  t h e  d i s t a n c e  

from t h e  i n j e c t o r  f a c e  t o  t h e  nozz le  t h r o a t .  For t h e  convergent s e c t i o n  of 

t h e  nozz le ,  a f a c t o r  of 2 / 3  (based on t h e  geometry of cones) is  app l i ed .  Thus, 

f o r  a c y l i n d r i c a l  chamber 

where t h e  s u b s c r i p t s  c and n r e f e r  t o  t h e  c y l i n d r i c a l  and nozz le  p o r t i o n s ,  

r e s p e c t i v e l y .  

For t r a n s v e r s e  modes t h e  c h a r a c t e r i s  t i c  l e n g t h  is t h e  chamber diam- 

eter. For t r a n s v e r s e  modes , Equation 12 becomes : 

C 
x s  - 

- c _  

fmode 21~r  vn  Eq 5 ( r e f )  

where c i s  t h e  a c o u s t i c  v e l o c i t y ,  r i s  t h e  r a d i u s ,  and S is  t h e  argument of 

t h e  Bessel f u n c t i o n  as given by Table 3. A s e p a r a t e  Bessel f u n c t i o n  a p p l i e s  

f o r  combinations of r a d i a l  and t a n g e n t i a l  o s c i l l a t i o n s .  The frequency f o r  

combinations of l o n g i t u d i n a l  and t r a n s v e r s e  modes i s  t h e  v e c t o r a l  sum of t h e  

i n d i v i d u a l  modes , thus 

vn 

f l L ,  1 T  Eq 1 3  

Example 2: 

having t h e  fol lowing dimensions: 

Compute t h e  p r i n c i p a l  a c o u s t i c  modes i n  ti combustion chamber 

l e n g t h  ( c y l i n d r i c a l  p o r t i o n )  , 5 i n .  

l e n g t h  (convergent p o r t i o n ) ,  6 i n .  

r a d i u s ,  7 i n .  

assumed v e l o c i t y  of sound, 5500 f t / s e c .  
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3.1,  Determining S t a b i l i t y  (cont . )  

Table 3 -- Transverse Bessel Function Arguments 

s *  
V l l  - 

a. Tangen t i a l  Modes 

- - 1.8413 

3.0543 

4.2012 

5.3175 

- - 
sll 

s21 

F i r s t  t a n g e n t i a l :  

Second t a n g e n t i a l :  

Third t a n g e n t i a l :  

Fourth t a n g e n t i a l :  

- - 

- - '3 1 

'41 
6.4154 - - 

'51 F i f t h  t a n g e n t i a l :  

b e  Rad ia l  Modes 
- - 
- - 

s02 F i r s t  r a d i a l  : 

Second r a d i a l :  

Third r a d i a l :  - - 
'03 

'04 

c. Combined t a n g e n t i a l - r a d i a l  modes 

1T-1R: 

1T=2R : 

1T-3R: 

2T- 1 R  : 

2T-2R: 

2T- 3R : 

3T-1R: 

3T-2R: 

3T- 3R: 

3.8317 

7.0156 

10 e 1734 

5.3313 

8.5263 

11.7059 

6.7060 

9.9695 

13 e 1705 

8.0151 

11.3459 

14.5858 

*The f irst  s u b s c r i p t ,  v, r e p r e s e n t s  t h e  o rde r  of t h e  Bessel f u n c t i o n  and ag rees  
w i t h  t h e  o r d e r  of t h e  corresponding t a n g e n t i a l  mode. 
always zero.  The second s u b s c r i p t ,  11, r e p r e s e n t s  t h e  o rde r  of occurrence of 
maxima and minima i n  t h e  expansion of t h e  Bessel f u n c t i o n ,  and i s  always t h e  
f i r s t  maximum f o r  t a n g e n t i a l  modes. equa l s  t h e  o r d e r  
of t h e  mode i n c r e a s e d  by u n i t y .  

The r a d i a l  modes v i f  

For t h e  r a d i a l  modes 
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3.1, Determining S t a b i l i t y  ( con t , )  

Thus t h e  e f f e c t i v e  l e n g t h  

= 5 + 2 / 3  x 6 = 9 i n .  ‘eff 

Then f o r  t h e  l o n g i t u d i n a l  modes: 

5500 = 3660 Hz 
2 (9/12)- ( f ) f i r s t  l o n g i t u d i n a l  = 

( f ) second l o n g i t u d i n a l  = 5500 (9/12) (2) = 7320 Hz 

For t h e  t r a n s v e r s e  modes : 

5500 (3.0543) = 5760 H~ 
2 7~ (7.0/12) ( f )second t a n g e n t i a l  = 

For t h e  combined l T ,  1L  mode: 

2 
t r a n s  vers e ( f ) 2  l o n g i t u d i n a l  (f  req) combined t r a n s v e r s e  = ( f )  

(f req) 1T- lL  = (3660)2 + (2770)2 = 4700 Hz 

Step  4. Cons t ruc t ion  of Response Curves 

Having determined t h e  i n j e c t o r -  and chamber response  and t h e  a c o u s t i c  

modes of t h e  combustion chamber from Steps  1, 2 and 3, t h e  remaining t a s k s  

invo lve  t h e  mechanics of c o n s t r u c t i n g  t h e  c h a r a c t e r i s  t i c  curves such as shown 

i n  F igure  4 and t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s .  
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3.1, Determining S t a b i l i t y  ( con t . )  

Turning f i r s t  t o  t h e  mechanics of c o n s t r u c t i n g  a curve s i m i l a r  t o  

Figure 4 ,  t h e  i n j e c t o r  response curve i s  

f 
= n (1-cos T -) 

N i n j e c t o r  o f S  

Eq 10 ( r e f )  

which r e s u l t s  i n  a peak i n  t h e  response curve a t  f = f and an i n t e r c e p t  of t h e  

a b s c i s s a  a t  f = 0 and f = 2f . A s  prev ious ly  s t a t e d ,  n i s  assumed t o  b e  equa l  

t o  0.60. 

S 

S 0 

Example 3: Construct  t h e  injector-chamber response diagram given t h e  follow- 

i n g  i n j e c t o r  and chamber operat iong cond i t ions :  

I n j e c t o r  type 

Oxidizer  o r i f i c e  s i z e  

Chamber p r e s s u r e  

Chamber c o n t r a c t i o n  r a t i o  (-) 

P r o p e l l a n t s  

S p e c i f i c  h e a t  of combustion 

C 
A 

At 

C 
products  (-E o r  y) 

cV Included ang le  

Design v e l o c i t y  r a t i o  

'cri t  (oxygen) 

Chamber diameter  

Coaxial  

0.15 i n .  

300 p s i a  

3.0 

H*'02 

1 . 2  

20" 

6.0 

730 p s i  

12.5 inches 

From Equation 11 and F igure  5,  t h e  s e n s i t i v e  frequency i s  c a l c u l a t e d  

t o  b e  3500 Hz.* L e t t i n g  t h e  element response magnitude b e  0.60, t h e  curve f o r  

t h e  i n j e c t o r  response can b e  cons t ruc t ed  by p l o t t i n g  Equation 10 as shown i n  

Figure 7 f o r  v a r i o u s  va lues  of f .  

* Note t h a t  t h e  d i f f e r e n c e  i n  s e n s i t i v e  frequency compared t o  Example 1 i s  
almost e n t i r e l y  due t o  d . P and F (VR s i n  $) have small e f f e c t .  

0 r 
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3.1, Determining S t a b i l i t y  ( con t . )  

Proceeding t o  S tep  2 and assuming t h e  chamber t o  be used i s  c y l i n d r i -  

c a l  f o r  t h e  c o n t r a c t i o n  r a t i o  s p e c i f i e d ,  t h e  r e l a t i o n s h i p  

Y+1 

Eq 1 4  

= 0.20, 

r e s u l t s .  From Table 1 and the  gu ide l ines  given i n  Step 2 t h i s  gives  

= 0.70. Nchamb er 

i s  shown as a h o r i z o n t a l  l i n e  on F igu re  7.  chamber This  v a l u e  f o r  N 

It  i s  now appa ren t  t h a t  t h e  frequency range over which i n s t a b i l i t i e s  are l i k e l y  

t o  occur  i s  1900 t o  5100 H z .  C a l c u l a t i o n s  of t h e  v a r i o u s  a c o u s t i c  modes f o r  

t h e  12.5 i n c h  chamber u s i n g  t h e  r e l a t i o n s h i p s  s p e c i f i e d  i n  Step 3 i n d i c a t e  

t h a t  t h e  l i k e l y  modes of i n s t a b i l i t y  are t h e  f i r s t  t a n g e n t i a l  a t  2500 Hz and 

t h e  second t a n g e n t i a l  a t  4000 H z .  Where s e l e c t i n g  5000 f t / s e c  f o r  t he  speed 

of sound w i t h  t h e s e  p r o p e l l a n t s  a t  t h e  given o p e r a t i n g  cond i t ions .  

c s  
2 ~ r r  (6.28) 6.25 

= -- vn 5000 (1 .84 )  x 1 2  = 2800 HZ - 
c 

f l T  

and 

where S w a s  ob ta ined  from Table 3. 
v n  

The l o n g i t u d i n a l  modes, which can a l s o  b e  c a l c u l a t e d  from a known 

chamber l e n g t h ,  are n o t  eva lua ted  because experience shows these  modes do n o t  

p r e s e n t  a problem. This i s  b e l i e v e d  t o  r e s u l t  from two f ac to r s - - the  h i g h e r  
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3.1, Determining S t a b i l i t y  (cont . )  

va lues  f o r  t h e s e  modes (of t h e  o r d e r  of 1 / 3  g r e a t e r )  and t h e  d i s t r i -  Nchamber 
b u t i o n  of combustion a x i a l l y  along t h e  chamber which tends t o  g ive  an e f f e c -  

t ive  i n c r e a s e  i n  N A s  e s t ima ted ,  t h e  e f f e c t i v e  N f o r  t h e  longi-  

t u d i n a l  mode only i s  given by 
chamber * chamber 

Eq 15 

where R i s  t h e  dimension from the  i n j e c t o r  f a c e  t o  t h e  p o i n t  of maximum combus- 

t i o n ,  which is  gene ra l ly  2 i n .  t o  5 i n .  f o r  most engines .  

Knowing t h e  modes of i n s t a b i l i t y ,  c e r t a i n  design mod i f i ca t ions  can b e  

made t o  improve s t a b i l i t y  (which is  t h e  t o p i c  f o r  t h e  nex t  s e c t i o n )  o r  i t  is  

p o s s i b l e  now t o  design a s t a b i l i z i n g  dev ice  such as d i scussed  i n  Sec t ion  5.0.  

A s  s t a t e d  ear l ie r ,  t h e  proposed model only t reats  t h e  problem of 

l i n e a r  i n s t a b i l i t y  and n o t  t h e  case  of t hose  types of i n s t a b i l i t y  which are  

induced by p e r t u r b a t i o n s .  Thus, i f  a system i s  p r e d i c t e d  t o  b e  s t a b l e  by t h i s  

method, i t  may b e  i n f e r r e d  t h a t  t h e  system w i l l  n o t  b e  spontaneously u n s t a b l e .  

Experience i n d i c a t e s  t h a t  t h e r e  are few, i f  any, systems which cannot 

b e  pe r tu rbed  uns t ab le  by s ta r t  t r a n s i e n t  s p i k e s  o r  o t h e r  sources  of per turba-  

t i o n .  Based on experience t o  d a t e ,  i t  would appear t o  b e  good design p r a c t i c e  

t o  consider  as a minimum t h a t  some s o r t  of s t a b i l i t y  dev ice  i s  r e q u i r e d  f o r  

man-rated systems and should b e  eva lua ted  as a p o s s i b l e  development 

requirement.  

The approach j u s t  d i scussed  i n  Step 2 can b e  used t o  i d e n t i f y  whether 

such a device would b e  r equ i r ed  and what i t s  design c h a r a c t e r i s t i c s  should be.  

Experience has  shown t h a t  t r a n s v e r s e  a c o u s t i c  modes i n  t h e  v i c i n i t y  of t h e  

s e n s i t i v e  frequency (f  ) are the  most l i k e l y  modes t o  b e  pulsed u n s t a b l e  i n  a 
S 
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3.1, Determining S t a b i l i t y  (cont . )  

system t h a t  i s  no t  spontaneously uns t ab le .  Thus, t h e  i n j e c t o r  response curve 

can be used t o  i d e n t i f y  what modes are most l i k e l y  t o  be pulsed u n s t a b l e  and 

Sect ion 5.0 can b e  used t o  design t h e  damping device o r  as a minimum t o  evalu- 

a te  the impact of such a device i f  l a t e r  developments should show i t  t o  be 

necessary.  

Guidelines 

Several b a s i c  " ru l e s  of thumb" have been developed from experience 

which w i l l  h e l p  t h e  des igne r  begin h i s  s t a b i l i t y  e v a l u a t i o n  t a sk :  

(1) The s e n s i t i v e  frequency should b e  less than t h e  lowest funda- 

mental mode frequency. Since t h e  gain of t h e  i n j e c t i o n  process  is  maximum a t  

t h e  s e n s i t i v e  frequency, i t  behooves t h e  des igne r  t o  remove any p o s s i b l e  

chamber modes from t h i s  v i c i n i t y .  By s e t t i n g  t h e  frequency lower than  t h e  

fundamental, i t  can b e  assured t h a t  t h e  harmonic modes a l s o  w i l l  b e  h i g h e r  

t han  t h e  s e n s i t i v e  frequency and even f u r t h e r  d i sp l aced .  

(2)  I n  t h e  event  I t e m  (1) is i m p r a c t i c a l ,  t h e  chamber should b e  

designed s o  t h a t  a minimum number of modes w i l l  f a l l  w i t h i n  t h e  s e n s i t i v e  

frequency curve above t h e  minimum gain l i n e ,  This would have t h e  e f f e c t  of 

l i m i t i n g  t h e  p r o t e c t i o n  requirements f o r  t h e  lower o r d e r  modes. 

(3)  The va lue  f o r  v e l o c i t y  r a t i o  used i n  t h e  i n j e c t i o n  c o r r e l a t i o n  

equat ion should ( i f  p o s s i b l e )  exceed 10. Hydraulic c o n s i d e r a t i o n s ,  p r o p e l l a n t  

pump requirements ,  e t c . ,  may preclude adherence t o  t h i s  r u l e ;  however, d a t a  

obtained thus  f a r  on two test programs ( r e f  NASA TN U-3373 and F i n a l  Report 

11741/SA6-F) demonstrate t h e  worth of u s ing  l a r g e  v e l o c i t y  r a t i o s  t o  suppress  

i n s t a b i l i t y .  
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3.1, Determining S t a b i l i t y  ( c o n t . )  

( 4 )  For chambers w i t h  low c o n t r a c t i o n  r a t i o s  ( i . e e y  Mach numbers 

above 0.20) t h e  mode f r equenc ie s  and chamber i n t e r a c t i o n  i n d i c e s  should b e  

c a l c u l a t e d  s o l e l y  by t h e  computer program. The a c o u s t i c  equa t ions ,  however, 

w i l l  g ive  good approximations f o r  chamber f r equenc ie s  a t  low Mach numbers, and 

corresponding N may b e  approximated from Table 1. chamber 

3.2 MANIPULATING INITIAL DESIGN 

The c a l c u l a t i o n s  performed as i n d i c a t e d  i n  Sec t ion  3 .1  may show t h a t  

t h e  i n i t i a l  design is  s t a b l e  wi th  r e s p e c t  t o  a l l  conceivable  modes. This i s  

most l i k e l y  t o  b e  t r u e  f o r  very small  chambers where t h e  fundamental modes 

have frequencies  much h i g h e r  than t h a t  of t h e  combustion response.  I n  t h i s  

case t h e  only a d d i t i o n a l  requirement i s  t o  demonstrate dynamic s t a b i l i t y  by 

p u l s e  t e s t i n g  w i t h  p ro to type  hardware. 

I n  most i n s t a n c e s  however, t h e  des igne r  w i l l  need t o  a l ter  h i s  

o r i g i n a l  c o n f i g u r a t i o n  i n  o r d e r  t o  achieve s t a b i l i t y  and w i l l  a l s o  have a 

c e r t a i n  f l e x i b i l i t y  of choice i n  t h e  manipulation of one o r  more of t h e  design 

parameters.  It i s  advantageous then t o  examine t h e  e f f e c t  upon s t a b i l i t y  of 

p e r m i t t i n g  t h e s e  parameters t o  vary. This i s  r e l a t i v e l y  s imple i f  t h e r e  i s  

only one f r e e  parameter.  Quick c a l c u l a t i o n s  a t  t h e  mean and both extremes of 

parameter v a r i a b i l i t y  may show whether t h e r e  i s  a good p rospec t  f o r  a success- 

f u l  s o l u t i o n .  

The approach may b e  made from two d i r e c t i o n s :  (1) by s h i f t i n g  t h e  

s e n s i t i v e  frequency through o p e r a t i n g  on t h e  i n j e c t o r  p a t t e r n ,  o r  (2) by mov- 

i n g  t h e  r e sonan t  f r equenc ie s  of t h e  r e s p e c t i v e  chamber modes by r edes ign ing  

t h e  chamber contours  e 
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3.2, Manipulating I n i t i a l  Design ( c o n t . )  

3 .2 .1  C a l c u l a t i n g  Limit ing I n j e c t o r  Parameters 

I n  each i n s t a n c e  i t  i s  f i r s t  necessary t o  determine how much the: sen- 

s i t i v e  frequency must b e  d i sp laced  t o  provide n e u t r a l  s t a b i l i t y  f o r  t h e  mode 

i n  ques t ion .  This i s  e q u i v a l e n t  t o  l e t t i n g  t h e  combustion response equa l  t h e  

chamber response f o r  t h e  mode i n  ques t ion  and s o l v i n g  f o r  t h e  s e n s i t i v e  f r e -  

quency f . 
S 

Example 4 :  The frequency of t h e  f i r s t  t a n g e n t i a l  mode f o r  a given chamber i s  

3720 Hz. Given t h e  fol lowing d a t a  determine whether t h e  system is s t a b l e  and 

i f  n o t  t o  what va lue  must t h e  s e n s i t i v e  frequency b e  s h i f t e d  t o  a s s u r e  

s t a b i l i t y .  

= 3500 Hz 
S 

f 

flT = 
3720 Hz 

n = 0.6 

= 1.0  
0 

f l T  Nchamber 
N n (1-cos TI - ) - - 

S 
i n  j 0 f 

3720 
3500 = 0.6 (1-cos IT -) 

= 0.6 (1-cos 3.34 ( r a d ) )  

= 0.6 ( 1  + 0.98) = 1.19 

Eq 10  (Ref) 

Since N > N  t h e  system w i l l  be  u n s t a b l e  i n  t h e  1 T  mode. To o b t a i n  a 

s e n s i t i v e  frequency t h a t  w i l l  have n e u t r a l  s t a b i l i t y  i n  t h e  1 T  mode, 
i n j  chamber 
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3.2, Manipulat ing I n i t i a l  Design (cont . )  

- - n (1-cos IT -) f l T  

S 
f L e t  N chamber 0 

= IT - + 0.84 ( r ad )  f l T  
f I T -  

S 

1T ITf 

IT + 0.84 
=: 

- S 
f 

= : -  3*14 x 3720 = 5070 Hz 
S 2.30 f 

o r  

= : -  3*14 x 3720 = 2940 Hz 
f S  3.98 

A s  can be  seen  from Figure  8, t h e  f i r s t  s o l u t i o n  would inove t h e  s e n s i t i v e  f r e -  

quency t o  a h i g h e r  v a l u e  where i t  would b e  w i t h i n  t h e  range of  modes of h ighe r  

o rde r  than  t h e  l T ,  which would b e  undes i rab le .  The second s o l u t i o n  would n o t  

only m e e t  t h e  requirement  f o r  t h e  1 T  mode b u t  would l e s s e n  t h e  response t o  t h e  

h i g h e r  o r d e r  modes as w e l l .  

3 .2 .2  Manipulat ing S e n s i t i v e  Frequency 

The s e n s i t i v e  frequency f o r  c o a x i a l  elements may be  c a l c u l a t e d  us ing  

Equation 11, 

0,15  ) 1 /3  

F (VR s i n  @) 
('c "cri t 

f S = 4550 (?I Eq 11 (Ref) 
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3.2,  Manipulating I n i t i a l  Design ( con t . )  

This equat ion con ta ins  s i x  v a r i a b l e  terms : 

Mach number, M 

O r i f i c e  diameter ,  d ( l e s s  v o l a t i l e  p r o p e l l a n t )  

Chamber p r e s s u r e ,  P 

Cr i t ica l  p r e s s u r e ,  P ( l e s s  v o l a t i l e  p r o p e l l a n t )  

I n j e c t i o n  v e l o c i t y  r a t i o ,  - = 

Impingement a n g l e ,  8. 

C 

0 

C 

VR, and Vf 

vO 

c r i  t 

One of t hese ,  t h e  c r i t i c a l  p r e s s u r e ,  i s  a p h y s i c a l  p rope r ty  of t h e  p r o p e l l a n t s  

s e l e c t e d  and t h e r e f o r e  n o t  s u b j e c t  t o  v a r i a t i o n .  

manipulated t o  some e x t e n t  depending upon t h e  design o p e r a t i n g  requirements and 

t h e  type of i n j e c t o r  and chamber s e l e c t e d .  

The o t h e r  parameters may be 

Mach Number 

Mach number i s  a f u n c t i o n  of t h e  c o n t r a c t i o n  r a t i o  and t h e  r a t i o  of 

s p e c i f i c  h e a t s  

Eq 1 4  (Ref) 

A s  t h e  r a t i o  of s p e c i f i c  h e a t s  i s  a func t ion  of t h e  p r o p e l l a n t s  burning a t  a 

given mixture  r a t i o ,  i t  may a l s o  b e  considered cons t an t  a t  1 . 2 ,  p e r m i t t i n g  

v a r i a t i o n  only i n  t h e  c o n t r a c t i o n  r a t i o .  For n e a r l y  a l l  a p p l i c a t i o n s  t h e  con- 

t r a c t i o n  r a t i o  f a l l s  between 1 .5  and 6.0,  g iv ing  a Mach number range of 0.10 t o  

0.40 f o r  a t o t a l  v a r i a t i o n  of - + 1 2  p e r c e n t  i n  s e n s i t i v e  frequency. 

.The s e n s i t i v e  frequency varies i n  t h e  same d i r e c t i o n  as Mach number. 

Therefore,  f may be reduced s l i g h t l y  e i t h e r  by c o n s t r i c t i n g  the  t h r o a t ,  w i th  

a t t e n d a n t  rise i n  chamber p r e s s u r e ,  o r  by e n l a r g i n g  t h e  chamber gas s e c t i o n a l  

area a 

S 
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3.2, Manipulat ing I n i t i a l  Design (cont . )  

P re s su re  Ra t io  

1 /3  

The t e r m  - r e p r e s e n t s  the e f f e c t  of vary ing  chamber 

on sensit ive frequency when t h e  chamber p r e s s u r e  is  below t h e  c r i t i c a l  
Lc:nt I p r e s s u r e  

p re s su re .  

Using 50 p s i a  as a lower l i m i t  f o r  a 02/H2 system and 730 p s i a  as t h e  

c r i t i c a l  p r e s s u r e  of 0 t h e  maximum v a r i a t i o n  i n  - is  0 .41  t o  1.00.  
1/ 3 

2’ 1 
Because f varies i n  t h e  same d i r e c t i o n  as Pc, t h e  frequency o f  maxi- 

S 

mum s e n s i t i v i t y  would b e  reduced t o  less than  h a l f  by reducing  t h e  chamber 

p re s su re  from 730 p s i a  t o  50 p s i a .  For a p p l i c a t i o n s  where P 

e te r  does n o t  e n t e r  i n t o  cons ide ra t ion .  

t h i s  param- ’ ’crit C 

Veloc i ty  Ra t io  and Impingement Angle (co-axia l  element only)  

F igu re  5 shows F (VR s i n  @) as a combined f u n c t i o n  of t h e  r a t i o  of  t h e  

p r o p e l l a n t  v e l o c i t i e s  and impingement angles .  The curve,  developed from exper i -  

mental  d a t a ,  expresses  bo th  momentum e f f e c t s ,  most n o t i c e a b l e  a t  h igh  v e l o c i t y  

r a t i o s  and l a r g e  ang le s  of impingement, and s h e a r  effects ,  predominat ing where 

t h e  v e l o c i t i e s  are n e a r l y  equa l  and where t h e  stream d i r e c t i o n s  are p a r a l l e l  

(showerhead) o r  n e a r l y  s o .  

v a r i a t i o n  of F (VR s i n  @) i s  from 1.0 t o  1 .4 .  

From Figure  5 i t  can b e  seen  t h a t  t h e  range of  

Oxid izer  Or i f ice  Diameter 

The s e n s i t i v e  frequency can a l s o  be  changed by vary ing  t h e  diameter  of 

t h e  o x i d i z e r  ( less v o l a t i l e  p r o p e l l a n t )  o r i f i c e .  I n  contemporary engines  t h e  

o r i f i c e  diameters  range  from approximately 0.020 i n . ,  for very s m a l l  engines  

t o  somewhat i n  excess o f  1 / 2  i n .  f o r  engines  on t h e  o rde r  of  a m i l l i o n  pounds 

of  t h r u s t .  The l i m i t s  are set  p r i m a r i l y  by cons ide ra t ions  of  performance, 
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3.2,  Manipulat ing I n i t i a l  Design (cont . )  

hydrau l i c s ,  and f a b r i c a t i o n .  For any s p e c i f i c  a p p l i c a t i o n ,  t h e r e f o r e ,  only a 

p o r t i o n  of t h e  range i s  a v a i l a b l e  f o r  t h e  des igne r  t o  manipulate .  

The e f f e c t  of i n c r e a s i n g  t h e  o x i d i z e r  o r i f i c e  diameter  i s  t o  lower t h e  

s e n s i t i v e  frequency.  For t h e  range of diameters  0.020 i n .  t o  0.500 i n .  t aken  

t o  t h e  0.15 power, ranges from 0.56 t o  0.90, g iv ing  a v a r i a t i o n  i n  

s e n s i t i v e  frequency by a f a c t o r  of  n e a r l y  2 .  

T o t a l  Var i a t ion  

The upper and lower l i m i t s  of s e n s i t i v e  frequency may now b e  eva lua ted .  

i l I3  f P c I P c r i t  . 
F (VR s i n  8)  

0.15 

f = 4550 
S 

Eq 11 (Ref) 

- (0.708 -f 0.874) (0.41 + 1.00) - 4550 (0.901 + 0.556) (1.4 + 1.0)  

= 1045 Hz + 7150 Hz 

Na tu ra l ly  only  a f r ac t ion .  of  t h i s  range i s  a v a i l a b l e  f o r  any s p e c i f i c  rocke t  

a p p l i c a t i o n ,  t h e  e x t e n t  of t h e  v a r i a t i o n  be ing  l i m i t e d  by t h e  ope ra t ing  

cond i t ions  and des ign  c o n s t r a i n t s .  

3.2.3 Varying Frequency of Chamber Modes 

I n  t h e  same manner t h a t  t h e  s e n s i t i v e  frequency can b e  moved t o  avoid 

one p a r t i c u l a r  chamber mode i t  i s  a l s o  p o s s i b l e  t o  d i s p l a c e  a class of  modes 

w i t h  r e s p e c t  t o  t h e  s e n s i t i v e  frequency. The f a c t o r s  involved  are t h e  speed 

of  sound and t h e  chamber dimensions. For p r a c t i c a l  purposes t h e  speed of sound 

must b e  assumed cons t an t  as i t  is based on t h e  thermodynamic p r o p e r t i e s  of t h e  

p r o p e l l a n t s  and t h e  o p e r a t i n g  cond i t ions .  
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3.2, Manipulating I n i t i a l  Design ( con t . )  

The f r equenc ie s  of t h e  l o n g i t u d i n a l  modes vary i n v e r s e l y  w i t h  t h e  

l eng th  of t h e  chamber, those of t h e  t r a n s v e r s e  modes wi th  the  chamber diameter. 

A s  a l l  modes of a class ( i . e . ,  t r a n s v e r s e  o r  l o n g i t u d i n a l )  are a f f e c t e d ,  i t  i s  

gene ra l ly  p r e f e r a b l e  t o  raise r a t h e r  than t o  lower t h e i r  f r equenc ie s .  Hope- 

f u l l y  by r a i s i n g  t h e i r  f r equenc ie s ,  t h e  fundamental modes w i l l  have values  

h i g h e r  than t h e  s e n s i t i v e  frequency a s s o c i a t e d  wi th  t h e  i n j e c t o r ,  and conse- 

quent ly  harmonic modes w i l l  b e  even f u r t h e r  removed. This i s  accomplished by 

minimizing t h e  a p p r o p r i a t e  dimension. However , as mi.nimum chamber s i z e  i s  most 

gene ra l ly  a design o b j e c t i v e  f o r  o t h e r  reasons,  i t  i s  t o  be expected t h a t  a l l  

p o s s i b l e  has  been done t h a t  would i n c r e a s e  t h e  a c o u s t i c  f r equenc ie s .  The excep- 

t i o n  would be where, because of design c o n s t r a i n t s ,  i t  is  i m p r a c t i c a l  t o  move 

t h e  fundamental mode t o  t h e  r i g h t  (ascending frequency) of t h e  s e n s i t i v e  fre- 

quency peak. Then t h e  fundamental and t h e  f i r s t  harmonic should span t h e  sen- 

s i t i v e  frequency and added damping should b e  app l i ed  t o  suppress  i n t e r a c t i o n  

wi th  t h e  combustion. 

3.2.4 I n j e c t o r  Index (N - ) 

A s  mentioned i n  Sec t ion  3.1,  N f o r  t h e  i n j e c t o r  i s  n o t  adap tab le  t o  
0 

d i r e c t  c a l c u l a t i o n  b u t  must b e  determined e x p e r i n e n t a l l y .  I n  Sec t ion  6.1 a 

s h o r t  t e s t  program i s  o u t l i n e d  by which t h e  i n t e r a c t i o n  index of a Limited num- 

b e r  of i n j e c t o r  conf igu ra t ions  may b e  approximated. 

have t h i s  op t ion  he had b e s t  assume t h e  consexvat ive va lue  of 0.6.  

I f  t h e  des igne r  does n o t  

3.2.5 Maximimizing Chamber Response (N ) chamber 

The response f o r  t h e  combustion chamber i s  condi t ioned by both geo- 

m e t r i c  and combustLon parameters.  These e f f e c t s  are in t e rdepecden t  s o  t h a t  as 

y e t  t h e r e  i s  no p r e c i s e  knowl-edge of t h e i r  i n d i v i d u a l  impact. I n  Table 1, 

Sect ion 3.1, t h e  range of t h e  response i s  given f o r  va r ious  types of chambers. 
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3.2,  Manipulating I n i t i a l  Design (cont . )  
, 

This r e p r e s e n t s  a f a i r l y  comprehensive l i s t i n g  of a n a l y t i c a l  d a t a  which has  

been p a r t i a l l y  v e r i f i e d  by experimental  r e s u l t s .  The des igne r  is advised t o  

assume t h e  lower l i m i t  of t h e s e  ranges i f  h e  is  n o t  prepared t o  conduct a 

d e t a i l e d  parameter s tudy.  

Based on parameter s t u d i e s  conducted t o  d a t e ,  t h e  fol lowing v a r i a t i o n s  

tend t o  i n c r e a s e  t h e  chamber response.  

1. Decreasing t h e  chamber c o n t r a c t i o n  r a t i o  o r  i n c r e a s i n g  Mach 

number. 

2. For annu la r  chambers, p l a c i n g  the  nozz le  t h r o a t  n e a r e r  t h e  chamber 

o u t e r  w a l l .  

3.2.6 ProDellant  D i s t r i b u t i o n  

One f a c t o r  t h a t  i s  known t o  a f f e c t  t h e  chamber i n t e r a c t i o n  index f o r  

t r a n s v e r s e  modes i s  t h e  r a d i a l  d e n s i t y  d i s t r i b u t i o n  of t h e  p r o p e l l a n t s .  The 

r e l a t i o n s h i p  is  expressed by t h e  t e r m  A equat ion vn 

- - Nchamber (u) 
Nchamber (nu) 

where : 

= chamber response wi th  uniform i n j e c t i o n ,  Nchamber (u) 

Eq 16 

= chamber response w i t h  non-uniform i n j e c t i o n ,  and Nchamber (nu) 

A = p r e s s u r e  d i s t r i b u t i o n  c o e f f i c i e n t .  vn 
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3.2, Manipulating I n i t i a l  Design (cont.)  

The p r e s s u r e  d i s t r i b u t i o n  c o e f f i c i e n t  has  t h e  fol lowing c h a r a c t e r i s t i c s  : 

a. 

b .  

C.  

d .  

e. 

The 

It measures t h e  combustion s e n s i t i v i t y  of t h e  system wi th  non- 

uniform i n j e c t i o n  of p r o p e l l a n t s .  

It a p p l i e s  only t o  t h e  t r a n s v e r s e  modes ( t a n g e n t i a l  and r a d i a l ) ,  

The numerical  va lue  f o r  t h e  c o e f f i c i e n t  is  d i f f e r e n t  f o r  each 

t r a n s v e r s e  mode (except  f o r  uniform d i s t r i b u t i o n  when the  coef- 

f i c i e n t  i s  u n i t y  f o r  a l l  modes. 

It assumes one-dimensional flow i n  t h e  chamber w i t h  no mixing of 

s t r e a m l i n e s  , and 

It i s  assumed t h a t  t h e  combustion process  i s  p r e s s u r e  s e n s i t i v e .  

i n f luence  of A may b e  s t a b i l i z i n g  o r  d e s t a b i l i z i n g  depending vn 
upon t h e  apportionment of t h e  i n j e c t e d  p r o p e l l a n t  i n  r e l a t i o n  t o  t h e  nodal  

poinps of t h e  r e s p e c t i v e  modes. I n  t h e  nominal cond i t ion  the  p r o p e l l a n t  has 

a uniform r a d i a l  d i s t r i b u t i o n  w i t h  r e f e r e n c e  t o  t h e  chamber a x i s .  That por- 

t i o n  of t h e  burning t ak ing  p l a c e  nea r  t h e  p r e s s u r e  nodes of a p a r t i c u l a r  

o s c i l l a t i o n  w i l l  do l i t t l e  t o  s u s t a i n  t h e  o s c i l l a t i o n .  

t h a t  p o r t i o n  of t h e  combustion occur r ing  nea r  t h e  p r e s s u r e  ant inodes of a 

s p e c i f i c  mode w i l l  have a d r i v i n g  e f f e c t .  

p r o p e l l a n t  could b e  i n j e c t e d  through an annulus of zero width a t  t h e  l o c a t i o n  

o f  a p r e s s u r e  node ( e .g . ,  t h e  a x i s  f o r  t h e  l T ) ,  combustion would n o t  r e i n f o r c e  

a c o u s t i c  o s c i l l a t i o n s  and any d i s tu rbance  would be a t t e n u a t e d  f o r  t h e  p a r t i c u -  

l a r  mode i n  ques t ion .  

flow t o  each r a d i a l  zone ( t o  prevent  l a t e ra l  migrat ion)  wh i l e  r e s t r i c t i n g  the  

flow a t  r a d i i  corresponding t o  t h e  ant inodes of modes wi th  f r equenc ie s  i n  t h e  

On t h e  o t h e r  hand, 

T h e o r e t i c a l l y ,  then,  i f  a l l  t h e  

The problem i s  t h e r e f o r e  t o  appor t ion  some p r o p e l l a n t  
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3.2,  Manipulating I n i t i a l  Design ( con t . )  

v i c i n i t y  of t h e  s e n s i t i v e  frequency. 

i n j e c t e d  nea r  t h e  p r e s s u r e  nodes of t h e  more prominent modes. The o b j e c t i v e  

would b e  t o  make t h e  c o e f f i c i e n t  A as s m a l l  as p o s s i b l e  f o r  each of t h e  

modes l y i n g  nea r  t h e  s e n s i t i v e  frequency. 

The r e s i d u a l  p r o p e l l a n t  would then b e  

vn 

Many i n j e c t o r s  have d i s t r i b u t i o n  p a t t e r n s  such t h a t  t h e  c o e f f i c i e n t  

A may be c l o s e l y  approximated us ing  s imple  manual c a l c u l a t i o n s .  For example 

f o r  t h e  i n j e c t i o n  d i s t r i b u t i o n  dep ic t ed  i n  Figure 9 and mode f r equenc ie s  of 

2000 and 3300 and 5800 Hz f o r  t h e  l T ,  2T and 1T-1R modes and a s e n s i t i v e  f r e -  

quency of 2500 Hz, A may b e  obtained by performing t h e  fol lowing c a l c u l a t i o n .  

vn 

vn 

wall wal l  

(r ,  normallzed to 1. 0 )  
Chanihvr a x l e  . 

Figure 9 -- Varying I n j e c t o r  D i s t r i b u t i o n  
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F i g u r e  10 -- Avn as Function of Chamber Radius 
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3.2, Manipulating I n i t i a l  Design ( con t . )  

Example : 

Given .cj = w  + w  + w  + W D + W E  t A B C  

Eq 1 7  

where : 

.Cj = T o t a l  weight flow 

G = Weight flow through i annulus t h  t 

i 
A ( r i )  = Funct ional  r e l a t i o n s h i p  found from F igure  10. vn 

r = Mean r a d i a l  d i s t a n c e  from t h e  chamber a x i s  t o  t h e  
c e n t r o i d  of t h e  ith annulus,  normalized from zero 
a t  t h e  chamber a x i s  t o  1.0 a t  t h e  w a l l .  

i 

Procedure: 

Step 1. Subdivided i n j e c t i o n  d i s t r i b u t i o n  i n t o  f i v e  annu la r  zones 

Step 2. 

Step 3. C a l c u l a t e  new N 

(A through E),  Figure 9 .  

Determine A, f o r  t h e  f i r s t  t a n g e n t i a l  mode and f i r s t  
t a n g e n t i a l - f i r s t  r a d i a l  combined mode. 

chamber from equa t ion  16. 

Note i n  Table 4a how t h e  m a j o r i t y  of t h e  A i n t e g r a l  comes from vn 
Zone E. This i s  p a r t l y  because t h e  area of Zone E i s  g r e a t e r  (high p r o p e l l a n t  

f l u x )  than f o r  t h e  o t h e r  zones, b u t  mostly because of t h e  g r e a t e r  i n t e r a c t i o n  

e x h i b i t e d  by t h e  t a n g e n t i a l  modes nea r  t h e  w a l l .  I n  c o n t r a s t ,  i n  Table 4c i t  

is Zone B t h a t  c o n t r i b u t e s  the  l a r g e s t  percentage t o  t h e  A i n t e g r a l ,  t h e  

r e s u l t  from t h e  ant inode of t h e  r a d i a l  component of t h e  1R- lT  mode occur r ing  

a t  r = 0.35. 

vn 

i 
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Zone - 
A 

B 

C 

D 
E 

Zone 

A 
B 
c 
D 
E 

- 

Zone 

A 

B 
C 

D 
E 

- 

Table 4 -- A as Function of Injection Zone vn 

EL. First Tangential Mode 

r A vn (ri) Gibt - i 
10% 0 .1  0.05 

30% 0 . 3  0.25 

20% 0.5 0.57 

5% 0.7 1.12 

- 35% 0.9  1.35 

100% 

= 0 ,722  (Avn) 1 T Hence, 

G. /I? 
l t  

b. Second Tangential Mode 

r i - 
10% 0 .1  0.0 

30% 0 . 3  0 .08  

20% 0.5 0 .40  

5% 0.7 1.05 

- 35% 0.9 1.65 

100% 
= 0.733 Hence, (Avn)2~ 

0.005 

0.075 

0 .114  

0.056 

0 .472  

0.722 

c .  First TangentialIFirst Radial Mode 

ti/+, r i - 
10% 0.1 0.60 

30% 0.3 2.80 

20% 0 .5  1.60 

5% 0.7 0.0 

- 35% 0.9  0 .8  

100% 

Hence (Avn) IT- 1R = 1.50 

0 024 

0.080 

0.052 

0.577 

0 .733  

0.06 

0 .84  

0.32 

0 

0.28 

1.50 
I_. 
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3 .2 ,  Manipulating I n i t i a l  Design ( con t . )  

It should b e  re-emphasized t h a t  t h e  values  of A do n o t  themselves vn 
express  whether t h e  system i s  s t a b l e .  

s i n g l e  nonuniform i n j e c t o r  p a t t e r n  wi th  t h a t  from a uniform o r  " f l a t "  

d i s t r i b u t i o n .  

They merely compare t h e  s t a b i l i t y  'of a 

For a c y l i n d r i c a l  chamber having a N of 0.70 (see Table 1) f o r  chamber 
f o r  t h e  l T ,  2T, and 1T-1R modes chamber uniform i n j e c t i o n  t h e  new va lues  of N 

are : 

= 0.97 (more s t a b l e )  

= 0.96 (more s t a b l e )  

(1T-1R) = 0.47 ( l e s s  s t a b l e )  
Nchamb er 

Since t h e  s e n s i t i v e  frequency of t h e  i n j e c t i o n  elements w a s  much 

c l o s e r  t o  t h e  1 T  and 2T f r equenc ie s  versus  t h e  1 T - l R  frequency i t  i s  more 

important t o  s t a b i l i z e  f o r  t hose  modes. 

Often a non-uniform i n j e c t i o n  d i s t r i b u t i o n  p a t t e r n  w i l l  e x i s t  t h a t  

does n o t  r e a d i l y  d iv ided  i n t o  a s m a l l  number of zones s imi l a r  t o  t h e  example 

problem. I n  t h i s  ca se  t h e  des igne r  should use subprogram (J) of t h e  S e n s i t i v e  

T i m e  Lag Computer Program t o  o b t a i n  h i s  d i s t r i b u t i o n  c o e f f i c i e n t .  This sub- 

program uses t h e  s p a t i a l  element l o c a t i o n ,  o r i f i c e  diameters  and h y d r a u l i c  

r e s i s t a n c e s ,  p r e s s u r e  drops,  and f i l m  coo lan t  o r i f i c e s  (considered t o  be non- 

r e a c t i n g )  and i n t e g r a t e s  t h e  va lue  of t h e  c o e f f i c i e n t  over t h e  i n j e c t o r  f a c e .  
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1. I n j e c t o r  c o n f i g u r a t i o n  
2. Chamber and nozzle  c o n f i g u r a t i o n  
3. Operating parameters 

Calculate i n j e c t o r  s e n s i t i v e  

S tep  3 

Determine i n j e c t o r  p r e s s u r e  
i n t e r a c t i o n  index, n e 

I 

~~ 

C a l c u l a t e  a c o u s t i c  mode 

S tep  4 

Determine chamber mode i n t e r -  
a c t i o n  i n d i c e s ,  n min' 

S t e p  5 

Construct  approximate combustion 

I Unstable System I I S t a b l e  System 

Using computer program, cal- 
c u l a t e  exac t  chamber mode 
i n t e r a c t i o n  i n d i c e s  approxi- 
mated i n  S tep  4 t o  see i f  
system remains s t a b l e  . 

Determine l a t i t u d e  t h a t  t h e  
i n j e c t o r  and/or  chamber design 
can be a l t e r e d  and r e p e a t  
S t e p s  1 - 5. 

Figure 11 - Decision Diagram -- Evaluat ing S t a b i l i t y  
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3 . 3  ILLUSTRATIVE DESIGN PROBLEMS 

P r a c t i c a l  case s t u d i e s  are h e l p f u l  t o  t h e  des igne r  by in t roduc ing  

I n  p r a c t i c e ,  problems which commonly occur  during t h e  development programs. 

t h e  a p p l i c a t i o n  of s t a b i l i t y  theory t o  design i s  b e s t  i l l u s t r a t e d  by t h r e e  

g e n e r a l  cases : 

(1) Given t h e  chamber and i n j e c t o r  c o n f i g u r a t i o n s  and t h e  flow 
parameters ,  determine t h e  s t a b i l i t y  of t he  system. 

(2) Given t h e  i n j e c t o r  p a t t e r n  and the  o p e r a t i n g  c o n d i t i o n s ,  
assist i n  t h e  s e l e c t i o n  of  a chamber design.  

(3 )  Given t h e  dimensions of t h e  chamber and the  design o p e r a t i n g  
cond i t ions ,  design a s t a b l e  i n j e c t o r .  

Decision diagrams d e s c r i b i n g  t h e  recommended approaches are shown i n  

Figures  11, 1 2 ,  and 15. An i l l u s t r a t i v e  problem r e p r e s e n t i n g  t h e  v a r i o u s  

c o n s i d e r a t i o n s  f a c i n g  t h e  des igne r  fo l lows  f o r  each of t h e  t h r e e  cases. 

3 . 3 . 1  Case I--Evaluating System S t a b i l i t y  

The most f r equen t  c a l c u l a t i o n  r equ i r ed  of t h e  des igne r  i s  the  

eva lua t ion  of t h e  s t a b i l i t y  of t h e  system wi th  r e s p e c t  t o  t h e  most prominent 

a c o u s t i c  modes. 

i n j e c t o r  w i th  s p e c i f i c  s t a b i l i t y  c h a r a c t e r i s t i c s  (Cases I1 and 111) as w e l l  as 

when t h e  design has  been e s t a b l i s h e d  p rev ious ly  and i t  i s  d e s i r e d  t o  know 

whether t h e  system i s  i n h e r e n t l y  s t a b l e  o r  whether a d d i t i o n a l  damping i s  

r equ i r ed .  

This e v a l u a t i o n  i s  necessa ry  a f t e r  designing a chamber o r  an 

The procedure d i v i d e s  i n t o  f o u r  s t e p s :  

Step 1. C a l c u l a t e  t h e  i n j e c t o r  s e n s i t i v e  frequency ( f  ) f o r  t h e  
S 

given i n j e c t o r  design u t i l i z i n g  t h e  c o r r e c t  c o r r e l a t i o n  equat ion and o p e r a t i n g  
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3 . 3 ,  I l l u s t r a t i v e  Design Problems (cont . )  

condi t ions .  Assume t h e  i n j e c t o r  p r e s s u r e  i n t e r a c t i o n  index  (n ) = 0.60 ( see  

Sec t ion  3.1) and p l o t  t h e  i n j e c t o r  response curve.  
0 

Step  2. Ca lcu la t e  t h e  va r ious  chamber modes which have f r equenc ie s  

i n  t h e  r eg ion  of t h e  i n j e c t o r  s e n s i t i v e  frequency. Depending upon whether t h e  

purpose i s  t o  g i v e  t h e  des igne r  a sense  of t h e  n a t u r e  of h i s  problem o r  whether 

h e  r e q u i r e s  documentation f o r  a des ign  review, t h e r e  are two approaches:  

a. An approximate method d i s r ega rd ing  combustion and us ing  

only t h e  a c o u s t i c  equa t ions  (hand c a l c u l a t i o n s  i n  Sec t ion  3.1) .  

b .  A more r igo rous  method us ing  t h e  s e n s i t i v e  t i m e  l a g  

computer program which cons ide r s  combustion p rocess  a long  wi th  t h e  b a s i c  

conserva t ion  equa t ions  (Sec t ion  4 ) .  

Step  3 .  Determine t h e  combustion chamber response from Table  1 and 

draw t h e  l i n e  N p a r a l l e l  t o  t h e  a b s c i s s a  o r  c a l c u l a t e  t h e  chamber 

response f o r  each mode us ing  t h e  same computer program as i n  S tep  2b. 
chamber 

Example 6: Evalua t ion  of S t a b i l i t y  

For purpose of i l l u s t r a t i o n ,  l e t  i t  be  assumed t h a t  t h e  system 

conf igu ra t ion  

a.  

b.  

C. 

d. 

e. 

and o p e r a t i n g  cond i t ions  are as fo l lows:  

I n j e c t o r  Design Parameters  

Coaxial  e lement ,  c e n t r a l l y  l o c a t e d  o x i d i z e r  tube  

Oxid izer  tube  diameter  = 0.15 i n .  

P r o p e l l a n t  v e l o c i t y  r a t i o  = 6.0 

P r o p e l l a n t  impingement angle  = 20" 

I n j e c t o r  p r e s s u r e  i n t e r a c t i o n  index (n ) equa l s  0 .6  
0 
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3 . 3 ,  I l l u s t r a t i v e  Design Problems ( con t . )  

Ooerating: Parameters  

a. LO /hydrogen p r o p e l l a n t s  

b .  MR = 5.0 

c. 

d. Oxygen c r i t i c a l  p r e s s u r e  (P ) = 730 p s i  c r i t  
e. Chamber p r e s s u r e  ( P  ) = 300 p s i  

f .  Ra t io  of s p e c i f i c  h e a t s  (y) = 1.20 

2 

c = a c o u s t i c  v e l o c i t y  = 5500 f t / s e c  

C 

Chamber Design Parameters  

a. Chamber diameter  = 14.0 i n .  

b .  E f f e c t i v e  chamber l e n g t h  (Reff) = 9.0  i n .  

area of chamber 
area of t h r o a t  c. Cont rac t ion  r a t i o  ( ) = 3.0 

d. No a c o u s t i c  l i n e r s ,  b a f f l e s ,  o r  o t h e r  damping techniques 
considered i n  t h e  chamber 

S tep  1. Solve f o r  S e n s i t i v e  Frequency 

0.15 0.33 
(Pr> 

( f s )  = 4550 (E) F(V.R. s i n $ )  
Eq  11 (Ref) 

= Mach number 

= o x i d i z e r  d iameter ,  i n .  

= c r i t i c a l  p r e s s u r e  r a t i o  ___ C r 'crit 

F(V.R. s i n @ )  = f u n c t i o n a l  r e l a t i o n s h i p  of t h e  v e l o c i t y  r a t i o  

C 
where M 

d 

P 
P ox 

= - ;:E o r  0.412 

and t h e  impingement ang le  ( see  F igure  5) 
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3.3, I l l u s t r a t i v e  Design Problems (cont . )  

2 ( Y - 1 )  M =  Athro  a t = 0.20 
*chamb e r C 

0.33 0.15 
4550 (E) (0.412) 

1 .03 f =  
S 

= 3440 Hz 

Step  2. Solve f o r  t h e  Acoust ic  Mode Frequency 

From Sec t ion  3.1, t h e  t r a n s v e r s e  and l o n g i t u d i n a l  chamber a c o u s t i c  

f r equenc ie s  may b e  c a l c u l a t e d  from the fo l lowing  equat ions :  

c s  - Vn 
__I_ 

C 
(freq) t r a n s v e r s e  modes 2 71-r 

where a = a c o u s t i c  v e l o c i t y ,  f t / s e c  

r = chamber r a d i u s ,  f t  

S = Bessel func t ion  argument (Table 3) 
C 

V U  

c s  -- 
‘eff (f req) l o n g i t u d i n a l .  modes 
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3.3,  I l l u s t r a t i v e  Design Problems ( con t . )  

where S = orde r  of l o n g i t u d i n a l  mode (1, 2, . . . n)  

nozz le  convergence l e n g t h  
e f f  = l e n g t h  of c y l i n d r i c a l  p o r t i o n  of chamber p l u s  2/3 of t h e  

- 2 2 - 
(f req)combined t r a n s v e r s e  ( f )  t r a n s v e r s e  -t ( f )  l o n g i t u d i n a l  

l o n g i t u d i n a l  mode 

The h igh  o r d e r  t r a n s v e r s e ,  longi tud-nal  o r  comb,;ied modes are d i s r ega rded  

s i n c e  t h e i r  f r equenc ie s  would be considerably above t h e  s e n s i t i v e  frequency 

and, consequently,  would r e c e i v e  very l i t t l e  d r i v i n g  energy from t h e  i n j e c t i o n  

process .  

S t ep  3. P l o t  Frequency Response Curve (Figure 4 )  

The p l o t t i n g  of t h e  frequency response curve r e q u i r e s  on ly  supplying 
f 
f a s u f f i c i e n t  number of a r b i t r a r y  v a l u e s  f o r  - over t h e  i n t e r v a l  0 t o  2 ~ r  t o  

f a c i l i t a t e  p l o t t i n g  t h e  curve.  It i s  most convenient t o  normalize all frequen- 

cies wi th  r e s p e c t  t o  f thereby e l i m i n a t i n g  t h e  need t o  p l o t  a new curve f o r  

each occasion. The fol lowing p o i n t s  shown i n  Table 5 are g e n e r a l l y  s u f f i c i e n t :  

S 

s 5  
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3.3, I l l u s t r a t i v e  Design Problems ( c o n t . )  

Table 5 -- Generalized I n j e c t o r  Response Tabulat ion 
f 1-cos Tr - f cos IT - 

_I_ f / f s  Radians fS f S  N 

0 

0.25 

0.5 

0.75 

1.0 

1.25 

1.5 

1.75 

2.0 

0.0000 

0.7854 

1.5708 

2.3562 

3.1416 

3.9270 

4.7124 

5.4978 

6.2832 

1 0000 

0.7071 

0.0000 

-0.7071 

-1.0000 

-0.7071 

0.0000 

0.7071 

1.0000 

0 

0.2929 
1.0000 

1.7071 

2 * 0000 

1.7071 

1.0000 

0.2929 

0.0000 

0 

0.1757 

0.6000 

1.0243 

1.20-0 

1.0243 

0.6000 

0.1757 

0.0000 

Step 4. P l o t  Chamber I n t e r a c t i o n  Index 

To u s e  t h e  approximate method, c o n s u l t  Table 1. The chamber 

response index f o r  a c y l i n d r i c a l  chamber wi th  3.0 c o n t r a c t i o n  r a t i o  u t i l i z i n g  

L02/LH2 i s  nominally 0.80. 

response curve a t  0.61 and 1.39 frequency r a t i o ,  corresponding t o  chamber 

f r equenc ie s  of 2100 Hz and 4780 Hz. The i n t e r v e n i n g  zone i s  u n s t a b l e .  By 

i n s p e c t i o n ,  t h e r e f o r e ,  i t  can be noted t h a t  t he  f i r s t  (2770 Hz) and second 

(4700 Hz) t a n g e n t i a l  modes and t h e  f i r s t  l o n g i t u d i n a l  mode (3660 Hz) l i e  

w i t h i n  t h e  u n s t a b l e  zone. The f i r s t  r a d i a l  (5760 Hz) and second l o n g i t u d i n a l  

(7320 Hz) are o u t s i d e  t h e  u n s t a b l e  zone. 

The h o r i z o n t a l  l i n e  N chamber c r o s s e s  t h e  frequency 

No c o r r e c t i v e  a c t i o n  i s  taken f o r  t h e  1L mode because,  as d i scussed  

p rev ious ly  i n  Sec t ion  3.1, t h i s  mode i s  h i g h l y  damped by t h e  nozz le  l o s s e s  and 

t h e  d i s t r i b u t i o n  of combustion along t h e  chamber a x i s .  
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3.3, I l l u s t r a t i v e  Design Problems ( con t . )  

For a design s o l u t i o n  t o  t h e  problem of t h e  t a n g e n t i a l  modes us ing  

b a f f l e s ,  an i l l u s t r a t i v e  case is  p resen ted  i n  Sec t ion  5.1.  Assuming t h e  

designer  has  followed t h i s  course,  t h e  chamber i n t e r i o r  has been modified t o  

i n c o r p o r a t e  r a d i a l l y  o r i e n t e d  b a f f l e s  extending i n t o  t h e  chamber 3.5 inches 

beyond t h e  i n t e r f a c e  between t h e  i n j e c t o r  and chamber a 

3.3.2 Case 11, Design of Combustion Chamber (Figure 1 2 )  

This  s i t u a t i o n  arises when a h igh  performing i n j e c t o r  i s  a v a i l a b l e  

from previous development b u t  t h e  chamber design e i t h e r  i s  inadequate  o r  must 

be adapted t o  a new a p p l i c a t i o n .  Ln t h i s  case, t h e  des igne r  has  some f l e x i -  

b i l i t y  i n  s e l e c t i n g  t h e  chamber l e n g t h  and volume, c o n t r a c t i o n  r a t i o ,  and 

nozzle  contour.  

t i o n s  of performance and c o m p a t i b i l i t y ;  b u t  f o r  t h e  p r e s e n t  example, they w i l l  

b e  assumed t o  be s o l u b l e  w i t h i n  t h e  framework r equ i r ed  t o  a s s u r e  s t a b i l i t y .  

These s e l e c t i o n s  w i l l  be  s t r o n g l y  inf luenced by considera-  

The procedure involves  t h e  fol lowing s t e p s :  

Step 1. Ca lcu la t e  t h e  i n j e c t o r  response.  

S t e p  2. Design t h e  chamber/nozzle assembly us ing  t h e  fol lowing 
cr i ter ia  : 

a. The a c o u s t i c  modes of t h e  chamber should have t h e i r  
f r equenc ie s  d i sp l aced  from t h e  i n j e c t o r ' s  s e n s i t i v e  
frequency . 

b. The combustion chamber response should be maximized 
maximized). chamb e r ( i . e . ,  
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1. I n j e c t o r  c o n f i g u r a t i o n  
2. Operating parameters 

S t e p  2 

Determine i n j e c t o r  p r e s s u r e  
i n t e r a c t i o n  index, n e 

0 

From mission requirements,  determine 
approximate s i z e  and shape of t h r u s t  

Redesign chamber and/or nozz le  

Figure 1 2  -- Decision Diagram -- S e l e c t i n g  Chamber Design 
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3.3,  I l l u s t r a t i v e  Design Problems ( con t . )  

Example 7: Design of Combustion Chamber 

For purposes of c o n t i n u i t y  as w e l l  as s i m p l i c i t y ,  i t  w i l l  be  

assumed t h a t  t h e  same i n j e c t o r  element w i l l  be  employed as  i n  Case I and, 

l i k e w i s e ?  t h e  o p e r a t i n g  cond i t ions  remain t h e  same. For t h i s  example, t h e  

c o n t r a c t i o n  r a t i o  w i l l  be t h e  major parameter i n v e s t i g a t e d .  Three v a l u e s  

w i l l  be -s tudied:  1 . 5 ,  3.0,  and 4.5, which i s  a p r a c t i c a l  range of c o n t r a c t i o n  

r a t i o s  f o r  t h e  major engine systems. The engine f o r  t h i s  design problem w i l l  

b e  r equ i r ed  t o  o p e r a t e  a t  a t h r u s t  of 15,000 pounds and a s p e c i f i c  impulse of 

375 seconds. The r a t i o  of s p e c i f i c  h e a t s  (y) i s  assumed t o  be 1.20. 

Y + l  
2(Y-1) - - 1 (+) 

Mc Contract ion Ra t io  

= -  (0.606) = 0.405 (C.R. = 1.5) and 0.135 (C.R. = 4.5) 
C.R. 

The e f f e c t  of t h e s e  va lues  on t h e  s e n s i t i v e  frequency i n  t h e  c o a x i a l  

i n j e c t o r  c o r r e l a t i o n  equa t ion  ( see  Sec t ion  3.1) y i e l d s :  

(MC)O*l5 = 0.87 (C.R. = 1.5)  and 0.74 (C.R. = 4.5) 

t hus  a l t e r i n g  t h e  s e n s i t i v e  frequency by approximately 15% over  t h e  range of 

c o n t r a c t i o n  r a t i o s  of 1 . 5  t o  4.5. Unce r t a in ty  about t h e  c o n t r a c t i o n  r a t i o  

t h e r e f o r e  pe rmi t s  a v a r i a t i o n  of up t o  1 5  p e r c e n t  i n  t h e  s e n s i t i v e  frequency. 

This  v a r i a t i o n  i s  s m a l l  enough t h a t  a nominal v a l u e  f o r  c o n t r a c t i o n  r a t i o  of 

3.0 can be assumed f o r  a f i r s t  t r i a l ,  fol lowing t h e  procedure desc r ibed  i n  

Sec t ion  3.1. 

0.15 
C r 

do 0 * 1 5  F (VR s i n + )  

M 
f = 4550 
S 

Eq 11 (Ref) 

= 3440 Hz,  w i th  a p o s s i b l e  range from 3240 Hz t o  3820 Hz. 
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3.3,  I l l u s t r a t i v e  Design Problems ( con t . )  

For t h e  assumed i n j e c t o r  response N of 0.6 ( s e e  Sec t ion  3 m 1 ) ,  t h e  
0 

frequency d i s t r i b u t i o n  curve c a l c u l a t e d  f o r  Case I may a l s o  be used he re .  

Step 2. Design Chamber and Nozzle 

From t h e  design ope ra t ing  

F 15000 

SP 
w = -  = - =  
t I  375 

cond i t ions  

40 l b / s e c  

and ( f o r  c y l i n d r i c a l  chambers) 

dt  =-/" ,IT = 6.34 

rc = 3 .17  
L 

Table 6 can now be cons t ruc t ed  i n  which t h e  f r equenc ie s  of t h e  

primary chamber modes are c a l c u l a t e d  as s i n g l e  v a r i a b l e  f u n c t i o n  of t he  

c o n t r a c t i o n  r a t i o .  Chamber One (A /A = 1 .5 )  has  t r a n s v e r s e  modes which exceed 
c t  

t h e  3200 t o  3650 Hz s e n s i t i v e  frequency range, b u t  because of i t s  length-to- 

diameter r a t i o  low frequency l o n g i t u d i n a l  o s c i l l a t i o n s  may be i n i t i a t e d .  

Chamber Two (Ac/A 

f r equenc ie s  c l o s e  t o  t h e  s e n s i t i v e  frequency range,  w i th  t h e  h i g h e r  o r d e r  

modes not  shown on t h e  t a b l e .  

= 3.0) i s  p o t e n t i a l l y  t h e  Least s t a b l e  chamber w i t h  many t 

Longi tudinal  modes are seldom observed. This would lead t o  t h e  

s e l e c t i o n  of a c o n t r a c t i o n  r a t i o  of 1.5 as t h e  most a t t r a c t i v e  design.  

Figure 13  shows t h e  p r e d i c t e d  s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  s e l e c t e d  i n j e c t o r  
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Given : 

1. Chamber and nozzle configuration 
2, Operating parameters 

From mission requirements, determine 

Construct approximate combustion 

Unstable System 

Figure 15 -- Decision Diagram -- Designing Stable Injector 
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3 . 3 ,  I l l u s t r a t i v e  Design Problems (cont . )  

i n  a chamber w i t h  a c o n t r a c t i o n  r a t i o  of 1 .5 .  The v a l u e  f o r  N of  t h e  

chamber w i l l ,  i n  most p r o b a b i l i t y ,  be  r e s t r i c t e d  t o  t h e  nominal v a l u e s  shown 

i n  Table  1, Sec t ion  3.1; however, s i n c e  va lues  as low as 0.7 may be  encountered 

wi th  c y l i n d r i c a l  chambers of  l a r g e  c o n t r a c t i o n  r a t i o s ,  t h e  lower l i m i t  f o r  

t h e  u n s t a b l e  zone i s  shown as t h a t  va lue .  From F igure  13 two modes of 

i n s t a b i l i t y  o t h e r  than  t h e  LL mode may b e  i d e n t i f i e d  as p o t e n t i a l  problems; 

t h e s e  are t h e  1 T  and t h e  1T-lL modes. To i l l u s t r a t e  t h e  p o t e n t i a l  problems 

encountered by us ing  a l a r g e r  diameter  - l a r g e r  c o n t r a c t i o n  r a t i o  chamber, 

F igure  1 4  i s  inc luded .  Besides  t h e  s i x  p r e d i c t e d  problem modes of i n s t a b i l i t y ,  

a d d i t i o n a l  combined modes may be  inc luded .  

chamber i s  rea l i s t ic  i n  t h a t  t h e  c o n t r a c t i o n  r a t i o  i s  becoming q u i t e  l a r g e .  

min 

The v a l u e  of 0.7 as Nmin f o r  t h e  

S t a b i l i z a t i o n  of t h e  system p resen ted  i n  F igure  13 a t  a c o n t r a c t i o n  

r a t i o  of 1.5 may be  convenient ly  accomplished by us ing  an  a c o u s t i c  l i n e r  which 

would have a minimum of i n t e r f e r e n c e  wi th  t h e  i n j e c t o r  p a t t e r n .  Design 

p r i n c i p l e s  f o r  a c o u s t i c  l i n e r s  are e l a b o r a t e d  i n  Sec t ion  5.2.  

3 . 3 . 3  Case 111, Design of S t a b l e  I n j e c t o r  (F igure  15) 

This i s  t h e  case t h a t  p r e s e n t s  t h e  most d i f f i c u l t i e s  f o r  the 
des igner .  E s s e n t i a l l y ,  i t  i s  a matter of t r adeof f  between s p e c i f i e d  r equ i r e -  

ments f o r  system performance and c o m p a t i b i l i t y  and t h e  need f o r  combustion 

s t a b i l i t y  i n  o r d e r  t o  ensu re  s a f e t y  and r e l i a b i l i t y .  Usual ly  t h i s  r e s u l t s  i n  

t h e  i n t r o d u c t i o n  of damping devices .  

The recommended procedure i s  as fol lows:  

S tep  1. Determine chamber a c o u s t i c  mode f r equenc ie s .  

S tep  2. Write s e n s i t i v e  frequency equa t ion  f o r  a s e l e c t e d  type  of  

i n j e c t o r  and i n p u t  a l l  known parameters .  
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3 . 3 ,  I l l u s t r a t i v e  Design Problems ( con t . )  

S t ep  3 .  Using an  i t e r a t i v e  technique,  t a b u l a t e  t h e  sensi t ive 

frequency as a f u n c t i o n  of d i f f e r e n t  o r i f i c e  diameters  and impingement a n g l e s .  

The o r i f i c e s  of t h e  less v o l a t i l e  p r o p e l l a n t  are c o n t r o l l i n g .  Other f a c t o r s  

w i l l  l i m i t  t h e  va lues  a s s o c i a t e d  wi th  t h e s e  two parameters ,  such as performance, 

L* , des ign  c o n s i d e r a t i o n s ,  e t  c . 

- Step  4 .  I n v e s t i g a t e  i n j e c t o r  p r e s s u r e  drops,  p r o p e l l a n t  i n l e t  

v e l o c i t i e s ,  and o t h e r  i n j e c t o r  h y d r a u l i c  cons ide ra t ions  t o  a s s u r e  t h a t  t h e s e  

va lues  m e e t  r ea sonab le  des ign  c r i t e r i a  l i m i t s .  

S tep 5. Compare t h e  s e n s i t i v e  frequency va lue  wi th  t h e  chamber 

a c o u s t i c  mode f r equenc ie s  t o  see i f  damping is  requ i r ed .  Also  a t  t h i s  s t e p ,  

i t  i s  p o s s i b l e  t o  v i s u a l i z e  t h e  s t a b i l i z i n g  o r  d e s t a b i l i z i n g  e f f e c t s  of 

a l t e r i n g  t h e  v a r i o u s  independent v a r i a b l e s  used i n  t h e  s e n s i t i v e  frequency 

equat ion.  When t h i s  frequency l ies  between t h e  f r equenc ie s  of two modes, i t  

i s  p o s s i b l e  t o  make des ign  changes which w i l l  s h i f t  t h e  s e n s i t i v e  frequency 

toward one mode and away from t h e  o t h e r .  

be designed f o r  only one mode r a t h e r  t han  two. 

E f f e c t i v e  damping devices  then need 

S tep  6.  Repea t  Steps 2 through 5 wi th  i n j e c t o r s  of o t h e r  types t h a t  

' appear f e a s i b l e  i f  design l i m i t a t i o n s  pe rmi t .  

The fol lowing i l l u s t r a t i v e  example cons ide r s  t h e  case of an annu la r  

combustion chamber wi th  a c o a x i a l  i n j e c t o r  u t i l i z i n g  LO /LH 

design cond i t ions  are shown on Figure 16 .  

p r o p e l l a n t .  Given 2 2  
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3 . 3 ,  I l l u s t r a t i v e  Design Problems ( con t . )  

Example 8: Design S t a b l e  I n j e c t o r  

S t e p  1. C a l c u l a t e  t h r u s t  chamber modes using a c o u s t i c  theory.  

C 
0 f = -  

2R 

where: c = 95% (C0ltheo = 0.95 (5300) 
0 

I n j e c t o r  Width (11.25 

5000 - 
11.25 

= 5000 f t / s e c  

i n .  dimension) 

2670 Hz 

f Z T  = 2 flT = 5340 Hz 

I n j e c t o r  Height (1.5 i n . )  

- - 5000 = 20,000 Hz 1 T  

Chamber Axial  Length 

- 5000 

f l L  - 2 1%) 

(5.00 i n . )  

= 6000 HZ 

Step 2. Write t h e  s e n s i t i v e  frequency equat ion (f  1. 
S 

Input  a l l  known parameters and e s t a b l i s h  which parameters are 

v a r i a b l e  and t h e  l i m i t s  of v a r i a t i o n :  
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3.3, I l l u s t r a t i v e  Design Problems (cont . )  

Mach No. = 0.182 from Ac/At = 3.33 and Y = 1.2  

P r  = 1.0  s i n c e  P 

VR = 10.0 

' ' c r i t  C 

Therefore:  

(1.0) 
0.15 

4550 (0.182) 

(dox)0*15 F(10 s i n + )  
f =  
S 

- 3520 - 
(d F(10 s i n  +) ox 

Since  va lues  of  F(VR s i n  $I) a t t a i n e d  from Figure  5 vary  between 1.0 and 1 .3 ,  

i t  may be  noted  t h a t  t h e  s e n s i t i v e  frequency 

- - 3520 

(d )0'15 (1.0 + 1 .3 )  
f =  

ox 

can be  r e w r i t t e n  as: 

3520 2700 

(dOX) 0.15+ (dox)0g15 

I n  o r d e r  f o r  t h e  s e n s i t i v e  frequency t o  be  depressed  below t h e  

frequency of  t h e  fundamental  mode (2670 Hz) r e g a r d l e s s  of t h e  F(VR s i n  $I) 

value ,  t h e  o x i d i z e r  d iameter  would have t o  be  l a r g e r  1 .0  i n .  This  i s  n o t  

p r a c t i c a l  from a des ign  viewpoint  and a s e r i o u s  degrada t ion  of  performance 

would b e  a n t i c i p a t e d .  

S ince  f must t h e r e f o r e  l i e  above t h e  fundamental  f requency,  a 
S 

v a l u e  w i l l  be  chosen midway between t h e  fundamental  and f i r s t  harmonic 

frequency ( i * e e ,  approximately 4000 Hz) and t h i s  v a l u e  w i l l  be  used as a 

s t a r t i n g  p o i n t  f o r  t h e  i t e r a t i o n  p rocess  involv ing  t h e  o x i d i z e r  d iameter  and 

impingement angle .  
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3.3, I l l u s t r a t i v e  Design Problems ( con t . )  

Step 3. Tabulate  t h e  s e n s i t i v e  frequency f o r  t h e  a c c e p t a b l e  range 

of o x i d i z e r  diameters  (Table 7). 

Table 7 -- S e n s i t i v e  Frequency as Function of Oxidizer  O r i f i c e  Diameter 

d i n .  ox ' 
0 e 040 
0.050 
0.060 

0.070 
0.080 
0 s 090 

0. LOO 
0.110 

0.120 

0.140 
0.175 
0.200 
0.250 

0.500 

(dox) ' l5 

0.617 
0.648 

0.656 

0.671 

0.685 
0.697 

0.708 

0.718 
0.728 

0.745 
0.770 

0.785 
0.812 
0.903 

S e n s i t i v e  
F(VR s i n  4)  = 1 . 0  

5700 
5430 
5350 

5240 
5140 
5050 

4960 

4900 
4830 

4730 
4570 
4500 
4340 
3900 

Frequency, f s 
F(VR s i n  4 )  = 1.3 

4400 

4182 
4130 

4040 
3953 
3888 

3830 

3770 
3723 
3638 

3520 
3450 
3340 
3000 

Performance w i l l  r e q u i r e  a minimum o x i d i z e r  diameter f o r  completion 

of combustion i n  t h e  5.00-in. chamber l e n g t h .  It i s  assumed f o r  t h i s  problem 

t h a t  an upper l i m i t  i s  set a t  0,110 i n .  diameter based on performance con- 

s i d e r a t i o n s .  

Since t h e  s e n s i t i v e  frequency d e s i r e d  w a s  around 4000 Hz (maximum 

d i s t a n c e  from two modes), i t  may be noted from t h e  t a b l e  t h a t  t h e  choice of 

F(VR s i n  I$) should be c l o s e r  t o  1.3 than 1.0.  
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3.3, I l l u s t r a t i v e  Design Problems ( con t . )  

S t ep  4 .  Review o t h e r  i n j e c t o r  parameters.  

Having e s t a b l i s h e d  a va lue  f o r  F(VR s i n  4)  and knowing t h e  v e l o c i t y  

r a t i o ,  t h e  ang le  4 may be found from Figure 5 ,  

VR s i n  9 = 5.5 o r  0.4 

10 s i n  4 = 5.5 o r  0.4 

5.5 0.4 s i n  4 = -10 o r  - 10 

The 2" ang le  of impingement i s  e s s e n t i a l l y  a "showerhead p a t t e r n "  and would 

r e q u i r e  a longe r  chamber f o r  proper  mixing and combustion t o  t a k e  p l a c e ;  

t h e r e f o r e ,  only t h e  33" a n g l e  need be considered.  

The f i n a l  design cons ide ra t ion  i s  t h e  i n j e c t o r  hydrau l i c s - - in j ec t ion  

p r e s s u r e  drops,  p r o p e l l a n t  i n j e c t i o n  a b s o l u t e  v e l o c i t i e s ,  number of e lements ,  

e t c .  From t h e  v e l o c i t y  r a t i o  equation,, t h e  r a t i o  of o x i d i z e r  t o  f u e l  area 

can be c a l c u l a t e d :  

W ox f u e l  A 
x-x--r--- ' OX VR=------ 'fuel - 

W ox ' fue l  A f u e l  ox V 

where 3 
= 70 l b / f t  ' OX 

3 
= 1 . 3  l b / f t  (200"R and 1500 p s i ,  assuming a 300 p s i  

p r e s s u r e  drop a c r o s s  chamber) ' f u e l  

W ox = MR = 6.0 
W f u e l  

ox A 
ox 1 A 70 

= - -  x 6  9 0 s  A f u e l  78 70 - 1.11 V R =  10 = - x -  
A f u e l  
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3 . 3 ,  I l l u s t r a t i v e  Design Problems (cont . )  

Ca lcu la t ing  t h e  f u e l  area assuming an  i n j e c t o r  p r e s s u r e  drop of 300 p s i  and 

CD = 0.70 y i e l d s :  

2 w = 4.6 
= 0.496 i n .  f - - 

1 / 2  CD (2gp Ap> 
A f u e l  

Consequently: 

2 
= 1.11 Af = 0.55 i n .  ox A 

The number of elements (n ) r equ i r ed  t o  a t t a i n  t h i s  area with a 0.110-in. 

o x i d i z e r  o r i f l c e  diameter  is:  
e 

IT 2 
= (dox) (ne) = 0.55 ox A 

2 
0.55 

n e 0.785 [e] 
2 

= -  

= 57 elements 

The o x i d i z e r  v e l o c i t y  may be found from t h e  c o n t i n u i t y  equa t ion :  

- 2 7 * 4  = 103 f t l s e c  W = - -  

ox P A  70 [e) v 

and t h e  f u e l  i n j e c t i o n  v e l o c i t y  equa l s :  

= 10 V = 1030 f t / s e c  
vf ox 
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3 . 3 ,  I l l u s t r a t i v e  Design Problems ( con t . )  

The o x i d i z e r  p r e s s u r e  drop equa l s :  

= 125 p s i  

Step 5.  An a n a l y s i s  can now be made us ing  t h e  s e n s i t i v e  frequency 

v a l u e  ( e .g . ,  3770 Hz f o r  t h e  case where dox = 0.110 i n .  and F(VR s in  $) = 1 . 3 )  

and t h e  f i r s t  and second t a n g e n t i a l  mode f r equenc ie s  (2670 and 5340 Hz, 

r e s p e c t i v e l y ) .  

The computer program should be run t o  o b t a i n  (1) t h e  combustion 

response (p re s su re  i n t e r a c t i o n  index, n , )  and (2)  t h e  s e n s i t i v e  t i m e  l a g ,  T3 

o r  analogously i t s  r e c i p r o c a l  frequency (T = -) f o r  each of t h e  two t r a n s v e r s e  

modes. The f r equenc ie s  a t  N ob ta ined  from t h e  computer program w i l l  be 

approximately equa l  t o  t h e  a c o u s t i c  mode f r equenc ie s  c a l c u l a t e d  i n  S tep  1. 
They w i l l  be  more exac t  i n  t h a t  t hey  are de r ived  from a more complex set of 

equa t ions  which cons ide r  t h e  combustion process  which t h e  a c o u s t i c  equa t ions  

do no t .  The i n t e r a c t i o n  index w i l l  g i v e  t h e  re la t ive s e n s i t i v i t y  of t h e  two 

modes. It is  p o s s i b l e  f o r  one mode t o  have a s i g n i f i c a n t l y  smaller va lue  f o r  

N which could cause t h e  combustion t o  go u n s t a b l e  a t  t h a t  mode even though min 
t h e  i n j e c t o r  s e n s i t i v e  frequency w a s  chosen equa l  numerical ly  t o  t h e  frequency 

of t h e  o t h e r  mode. 

t h e  same response (N = 1.10) ;  consequently,  an i n j e c t o r  having i t s  s e n s i t i v e  

frequency midway between both mode f r equenc ie s  could respond t o  e i ther  mode. 

1 
2f 

min 

For t h i s  sample problem, bo th  modes are assumed t o  have 

min 

P r i o r  experience wi th  c o a x i a l  elements and information provided i n  

previous s e c t i o n s  o f  t h i s  r e p o r t  have shown va lues  of n t o  b e  between 0 .4  and 

0.6.  

v a l u e  of N as 1 . 2  (N = 2 no> .  

0 
Choosing t h e  h i g h e r  va lue  f o r  t h e  most conse rva t ive  design w i l l  g ive  a 

va lues  This  v a l u e ,  being l a r g e r  than t h e  N min 
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3 . 3 ,  I l l u s t r a t i v e  Design Problems (cont . )  

f o r  t h e  v a r i o u s  modes (N = 1.08), i n d i c a t e s  t h a t  t h e  system could be u n s t a b l e  

o r  d r iven  uns t ab le .  

response is  given i n  Figure 17 .  

r a t i o s  i n v e s t i g a t e d .  It i s  concluded from t h e  response curve t h a t  t h e  b e s t  

design provides  an o x i d i z e r  diameter  of 0.110 i n .  and a v e l o c i t y  r a t i o  of LO 
[F(VR s i n  4) = 1-31, It may a l s o  b e  observed t h a t  t he  n e a r e s t  p o t e n t i a l  

i n s t a b i l i t y  modes are t h e  f i r s t  and second t a n g e n t i a l  modes. 

p r o p e l l a n t s  are hydrogen and oxygen, s ignif icaL,L v a r i a t i o n  i n  v e l o c i t y  r a t i o  

might be experienced due t o  d e n s i t y  v a r i a t i o n s  i n  the  hydrogen during t r a n s i e n t  

p o r t i o n s  of ope ra t ion  of t h e  engine which would tend t o  i n c r e a s e  t h e  s e n s i t i v e  

frequency and p l a c e  i t  n e a r e r  t h e  second t a n g e n t i a l  mode. 

of t h i s  problem t h e  optimum design has  been s e l e c t e d  and two p o t e n t i a l  problem 

s t a b i l i t y  modes i d e n t i f i e d  (LT and 2T). Design changes f o r  s t a b i l i t y  improve- 

ments may b e  eva lua ted  by cons ide r ing  t h e  e f f e c t  of varying i n j e c t i o n  d i s t r i -  

b u t i o n  as d i scussed  i n  Sec t ion  3 . 2  and/or  i n c l u s i o n  of s t a b i l i z i n g  devices  i n  

t h e  system as desc r ibed  i n  Sec t ion  5. 

min 
A g r a p h i c a l  r e p r e s e n t a t i o n  of t he  p r e d i c t e d  i n j e c t o r  

The two curves shown are t h e  two v e l o c i t y  

Since t h e  

Within t h e  g u i d e l i n e s  
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4 .  USE OF COMPUTER PROGRAMS 

It i s  recommended t h a t  t h e  des igne r  r e s o r t  t o  t h e  u s e  of one o r  

more of t h e  computer programs d i scussed  i n  t h i s  s e c t i o n  whenever t h e  fol lowing 

s i t u a t i o n s  arise: 

A f t e r  t h e  i n i t i a l  des ign  c a l c u l a t i o n s  t o  confirm t h e  

r e s u l t s  obtained by manual c a l c u l a t i o n  and f o r  

i nc reased  accuracy. 

M u l t i p l e  v a r i a b l e  pa rame t r i c  s t u d i e s  are d e s i r e d  t o  

e v a l u a t e  t h e  e f f e c t  of t r a d e - o f f s .  

Add i t iona l  tes t  d a t a  have been obtained 

Data are r equ i r ed  f o r  t h e  design of s t a b i l i z e r s .  

Best r e s u l t s  w i l l  be obtained from a j u d i c i o u s  mixture  of manual 

c a l c u l a t i o n  wi th  t h e  u s e  of computer p r i n t o u t s .  To i l l u s t r a t e  how t h e  des igne r  

may u s e  t h e  programs t o  b e s t  advantage several i l l u s t r a t i v e  des ign  problems 

are fu rn i shed  i n  Sec t ion  4 . 3 .  

4 . 1  DESCRIPTION OF COMPUTER PROGRAM 

The s t a b i l i t y  s o l u t i o n  f o r  any given l i q u i d  r o c k e t  engine must con- 

s i d e r  t h e  t h r e e  main components: (1) t h e  i n j e c t o r ,  (2)  t h e  combustion chamber, 

and ( 3 )  t h e  exhaust nozzle .  Furthermore, o s c i l l a t o r y  cond i t ions  can e x i s t  i n  

both t h e  l o n g i t u d i n a l  and t h e  t r a n s v e r s e  ( i . e . ,  t a n g e n t i a l  and r a d i a l )  d i r e c -  

t i o n s .  These c o n s i d e r a t i o n s  serve as t h e  b a s i s  f o r  b u i l d i n g  t h e  computer 

program. 
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4.1, Desc r ip t ion  of Computer Program 

The complete program cons 
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(cont  . ) 

sts of n i n e  s e p a r a t e  subprograms w..-- 1 

may be used independently o r  i n  v a r i o u s  combinations depending upon t h e  d a t a  

a v a i l a b l e  and t h e  information r e q u i r e d  by t h e  d e s i g n e r .  F igu re  18 shows t h e  

i n t e r r e l a t i o n s h i p s  of t h e  programs and t h e  o p t i o n a l  r o u t e s  f o r  proceeding wi th  

t h e  c a l c u l a t i o n .  The i n d i v i d u a l  programs are: 

A. Longi tudinal  Mode Chamber Analysis ,  used t o  o b t a i n  n 3  T 
s t a b i l i t y  mapping f o r  l o n g i t u d i n a l  modes. 

B. Transverse Mode Chamber Analysis .  For s i m p l i c i t y  only t h e  

a n a l y s i s  i s  performed; t h e  q, T mapping is  done later i n  Program F. 

C.  Nozzle Admittance, Here t h e  res is t ive e f f e c t s  of t h e  nozzle  

are c a l c u l a t e d  f o r  both l o n g i t u d i n a l  and t r a n s v e r s e  modes. 

D. Expansion of r e s u l t s  from Program B by i n t e r p o l a t i o n .  

E. I n j e c t o r  Nonuniformity C o e f f i c i e n t s .  This subprogram calcu-  

lates t h e  modulating c o e f f i c i e n t s  f o r  t h e  e f f e c t s  r e s u l t i n g  from uneven 

i n j e c t i o n  d i s t r i b u t i o n  and non l inea r  combustion response.  

F. 

G. 

H. 

I. 

J. 

S t a b i l i t y  Mapping ( n ,  T) f o r  Transverse Modes. 

(Not i n  use.)  

High Combustion Chamber Mach Number Analysis .  (Not o p e r a t i o n a l . )  

Nonlinear Combustion Response. Inpu t  t o  Program E.  

I n j e c t e d  Mass D i s t r i b u t i o n  E f f e c t s  

Page 78 



Repor t  20672-P2D 

INJECTOR MASS 
D I S T R D U T I O N  

COMBUSTION 

CHAMBER ANALYSIS 

F i g u r e  18 -- General Flow Diagram of t h e  Computer Program 
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I U I N  CONTROL 

I 
1 

LONGITUDINAL 
MCR)E - EXHAUST 

l7tEmz- 

I I 

F i g u r e  19 -- Overall Schematic of Computer Program 
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4.1 ,  Desc r ip t ion  of Computer Program ( c o n t . )  

To a s s u r e  t h a t  t h e  proper  subprograms are reques t ed  i t  is  necessary 

t o  in t roduce  a r e g u l a t o r y  dev ice  t h a t  monitors  t h e  course of t h e  e n t i r e  pro- 

gram as i t  proceeds from one p o r t i o n  of t h e  engine t o  ano the r .  This  r e g u l a t o r y  

dev ice  is  c a l l e d  MAIN CONTROL and serves t o  d i r e c t  t h e  flow of t h e  s o l u t i o n  i n  

a c o n s i s t e n t  manner. F igu re  18 i l l u s t r a t e s  t h e  b a s i c  framework of t h e  com- 

p u t e r  program. The diamond-shaped symbols can be considered as switches t h a t  

are turned on i f  t h e  p a r t i c u l a r  i t e m  i s  t o  be analyzed by t h e  program o r  

turned o f f  i f  t h e  item is n o t  needed. It is  t h e  f u n c t i o n  of MAIN CONTROL t o  

t u r n  t h e s e  switches on o r  o f f  according t o  t h e  d i c t a t e s  of t h e  problem. 

It can b e  seen  i n  F igu re  1 9  t h a t  t h e  program i s  d iv ided  i n t o  

3 p a r t s :  (1) l o n g i t u d i n a l  modes, (2) t r a n s v e r s e  modes, and ( 3 )  exhaust  

nozzle .  

e a r l y  development when nozz le  parametric s t u d i e s  were conducted. 

The exhaust nozz le  p o r t i o n  has  been c a r r i e d  over from t h e  program's 

The v e r s a t i l i t y  of t h e  program i s  i l l u s t r a t e d  i n  F igu re  18 by t h e  

va r ious  flow-paths t h a t  c a n  be c o n s t r u c t e d .  For example, i f  t h e  r equ i r ed  

i n j e c t o r  and nozz le  d a t a  were known b e f o r e  hand, one could determine t h e  

t r a n s v e r s e  s t a b i l i t y  of t h e  engine by merely running t h e  combustion chamber 

program. I f ,  on t h e  o t h e r  hand, a l l  t h e  d a t a  were unknown, proper u s e  of 

MAIN CONTROL would i n i t i a t e  t h e  i n j e c t o r ,  n o z z l e ,  and chamber programs. 

Therefore,  t h e  program is  as s u i t a b l e  f o r  parametr ic  s t u d i e s  as i t  i s  f o r  

a n a l y s i s  of s p e c i f i c  des igns .  

It can be seen t h a t  t h e  t r a n s v e r s e  p o r t i o n  of t h e  program i s  more 

d e t a i l e d  than  t h e  l o n g i t u d i n a l  p o r t i o n .  Programs, J ,  I, and E are r e q u i r e d  t o  

e v a l u a t e  t h e  i n j e c t o r  parameters t h a t  a f f e c t  s t a b i l i t y .  The chamber a n a l y s i s  

r e q u i r e s  Programs B,  D, and F. It should be noted t h a t  Program D is  more of 

a convenience than  a n e c e s s i t y  w h i l e  Program F determines t h e  s o l u t i o n  of 

rl and T *  
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DATA PACKAGE 

SECTION TII 

SECTION I1 HEADER INFO. 

mm CON~OL 
A, B, C, D, F, ABTD H / 

/ 

IF SECTION IT1 IS NOT USED, SECTTON 117 WST NOT BE USED. 

Figure 20 -- Input Load Sequence Required by the Computer Program 
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4 ,  U s e  of Computer Programs ( con t . )  

4.2 OPERATING THE PROGRAM 

It i s  necessa ry  t o  d i s c u s s  t h e  g e n e r a l  o r g a n i z a t i o n  of t h e  d a t a  

as w e l l  as how t h e  d a t a  a c t u a l l y  g e t  i n t o  t h e  computer b e f o r e  proceeding t o  

f u r t h e r  d i s c u s s i o n  of t h e  computer program. 

be r e f e r r e d  t o  as a set of d a t a  packages. 

The i n p u t  d a t a  deck w i l l  always 

Assemblying t h e  Data Package 

The manner i n  which t h e  d a t a  deck is  assembled i s  shown i n  

F igu re  20. It can b e  seen t h a t  t h e  d a t a  package (one package r e q u i r e d  per  

c a s e ) ,  i s  d iv ided  i n t o  f o u r  s e c t i o n s .  The f i r s t  s e c t i o n  c o n t a i n s  t h e  d a t a  

f o r  MAIN CONTROL and Programs A, B, C ,  D, F, and H. The second s e c t i o n  i s  

one ca rd  t h a t  has  t h e  le t ter  T punched i n  card column one. This ca rd  serves 

t h e  purpose of an end-data s i g n a l  and of a header card such t h a t  a l l  informa- 

t i o n  t h a t  fo l lows  t h e  T w i l l  be p r i n t e d  on t h e  t o p  of each ou tpu t  page. The 

t h i r d  s e c t i o n  c o n t a i n s  t h e  d a t a  f o r  Programs E, I ,  and J. The f o u r t h  s e c t i o n  

i s  a T-card t h a t  i s  used only t o  s i g n a l  t h e  end of d a t a .  

It should b e  noted t h a t  i f  n e i t h e r  Programs E ,  I nor  J are run, 

Sec t ions  I11 and I V  are n o t  needed. However, Sec t ions  I and I1 must always 

b e  i n  t h e  d a t a  package. 

Running M u l t i d e  Cases 

The f l e x i b i l i t y  of t h e  program i s  such t h a t  s t a c k i n g  cases ( i . e . ,  

running m u l t i p l e  cases )  i s  an  easy t a s k .  A l l  t h a t  i s  r e q u i r e d  i s  t o  add t h e  

r e q u i r e d  number of d a t a  packages t o  t h e  d a t a  deck. 

as t o  t h e  f low pa ths  of i n d i v i d u a l  d a t a  packages; t h e r e f o r e ,  d a t a  packages 

There i s  no r e s t r i c t i o n  
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4.2,  Operating t h e  Program (con t . )  

of parametr ic  s t u d i e s  involving t h e  u s e  of one program can be intermingled 

wi th  d a t a  packages t h a t  u s e  any of t h e  o the r  program combinations f o r  a n  

a n a l y s i s .  

Ge t t ing  t h e  Data onto t h e  Card 

I n p u t t i n g  of t h e  d a t a  i s  accomplished i n  a f l e x i b l e  f a s h i o n  c a l l e d  

"scatter load." This  method has  a minimum number of r e s t r i c t i o n s  as t o  how 

and i n  what manner t h e  d a t a  are punched on t h e  c a r d .  

t h a t  w i l l  i l l u s t r a t e  t h e  f l e x i b i l i t y  of scatter load .  

Examples are given below 

Load and Terminal Flags 

The le t ter  T o r  t h e  let ter L must b e  punched on each ca rd .  The L 

s i g n a l s  t h e  computer t h a t  t h e r e  are d a t a  on t h e  c a r d  whereas t h e  T s i g n i f i e s  

t h a t  t h e  computer has  r ece ived  a l l  of t h e  d a t a  f o r  t h a t  s e c t i o n  of t h e  d a t a  

package 

Data Input  

Immediately a f t e r  t h e  L w i l l  appear one t o  f o u r  numbers; t h e r e f o r e ,  

t h e  ca rd  t h u s  f a r  h a s  been punched w i t h  L followed by 4 d i g i t s ,  e . g . ,  L4175. 

This  t e l l s  t h e  computer t o  start loading t h e  d a t a  t h a t  w i l l  f o l low i n t o  com- 

p u t e r  c o r e  s t a r t i n g  a t  Locat ion 4175. 

o r  minus s i g n  and d a t a ,  ano the r  p l u s  o r  minus s i g n  and a d d i t i o n a l  d a t a ,  e tc .  

S ince  t h e  s i g n s  serve t o  s e p a r a t e  t h e  d a t a ,  t h e  second d a t a  p o i n t  w i l l  auto- 

m a t i c a l l y  b e  loaded i n t o  co re  l o c a t i o n  4176. This process  cont inues a c r o s s  

t h e  f i r s t  72 l o c a t i o n s  of t h e  d a t a  ca rd .  

Following t h i s  number w i l l  b e  a p l u s  
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4.2, Operating t h e  Program (con t . )  

Consider t h e  fol lowing example of i npu t  data:  

LO + 10.0 

L1 + 19.4  

L2 + 0.0 

L 3  - 0.92 

L8 + 6.4 

This  may be punched on a s i n g l e  card as 

(Example 1) 

(Example 2) 

(Example 3) 

(Example 4 )  

LO + 10.0 + 19.4 + 0.0 - 0.92 L8 + 6.4 

LO + 1000 + 19.4 + -0.92 + + + + + + 6.4 

L8 + 6.4 LO + 10.0  + 19.4 + -0.92 

L39 + 0.21 + 3.14 + 5.0 + 1 .5  -35.5 L39 + 1545. 

Example 1 i l l u s t r a t e s  a normal load sequence f o r  t h e  given i n p u t .  

No d a t a  are t r a n s f e r r e d  i n t o  co re  l o c a t i o n s  L4 through L7; t h e r e f o r e ,  any 

previous d a t a  s t o r e d  t h e r e  remains t h e r e .  Example 2 i l l u s t r a t e s  how a l g e b r a i c  

s i g n s  can b e  used a l t e r n a t i v e l y  t o  index t h e  d a t a  t o  t h e  proper c o r e  l o c a t i o n .  

Note a l s o  t h e  L2, which is  zero,  has no number punched on t h e  ca rd .  This 

i l l u s t r a t e s  t h a t  t h e  computer, when i t  sees no number fol lowing t h e  s i g n ,  

loads t h e  v a l u e  of ze ro  i n t o  t h a t  co re  l o c a t i o n .  I f  d a t a  have been p rev ious ly  

s t o r e d  i n  Locat ions L4 and L8 and are t o  be used a g a i n ,  t h e  u s e  of indexing 

presented in Example 2 w i l l  load zeros  i n t o  those  c o r e  l o c a t i o n s ;  consequently,  

t h e  d a t a  w i l l  be  l o s t .  

Example 3 i l l u s t r a t e s  t h a t  t h e  L-numbers do n o t  have t o  b e  punched 

i n  s e q u e n t i a l  o rde r .  

S p e c i f i c a l l y ,  L39 w a s  i n i t i a l l y  loaded w i t h  0.21 and later loaded w i t h  1545.0; 

t h e r e f o r e ,  t h e  former number i s  e ra sed  on co re  and t h e  la t ter  included i n  i t s  

Example 4 i l l u s t r a t e s  t h e  method of c o r r e c t i n g  d a t a .  
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4.2, Operating t h e  Program (con t . )  

p l ace .  The most convenient method f o r  c o r r e c t i n g  d a t a  ca rds  is t o  punch a l l  

t h e  c o r r e c t i o n s  on one o r  more ca rds  and p l a c e  t h e s e  c a r d s  immediately b e f o r e  

t h e  T-card of t h a t  d a t a  s e c t i o n .  

Presented below are  some b a s i c  r u l e s  t o  employ when punching d a t a  

ca rds  : 

1. DO s ta r t  each i n p u t  card wi th  L .  The L does n o t  have t o  be 

punched i n  card column 1 b u t  i t  must appear b e f o r e  any d a t a .  

2.  DO pay c l o s e  a t t e n t i o n  t o  t h e  sequence of t h e  remaining d a t a  

included on t h e  card s o  t h a t  d a t a  are no t  loaded i n t o  t h e  wrong c o r e  l o c a t i o n .  

3 .  DO NOT u s e  more than  8 s i g n i f i c a n t  d i g i t s  ( i n c l u d i n g  decimal 

po in t )  f o r  t h e  i n p u t  d a t a .  Exponential  no t ion  is  pe rmi t t ed .  That i s ,  t h e  

number 0.0625 can be loaded as 6.25 E-02 (where E is  t h e  base  10 and -02 

denotes  t h e  exponent).  

4 .  DO NOT s tar t  t h e  d a t a  on one ca rd  and complete i t  on ano the r .  

5. DO NOT u s e  more than 72 ca rd  columns f o r  d a t a  i n p u t .  The 

computer looks a t  73 t o  80 b u t  does n o t  t r a n s f e r  t h a t  information t o  c o r e .  

Therefore ,  columns 7 3  and 80 can be used f o r  t h e  ca rd  sequence number i n  t h e  

d a t a  deck o r  i d e n t i f i c a t i o n  of some s i g n i f i c a n t  a s p e c t  of t h e  d a t a  so t h a t  

i t  can b e  i d e n t i f i e d  a t  some la ter  d a t e .  

6. DO i nc lude  a T-card a t  t h e  end of a d a t a  s e c t i o n  i n  t h e  d a t a  

package. The T must b e  punched i n  card column 1. I f  t h e  T appears  anywhere 

else on t h e  card,  t h e  computer w i l l  dump t h e  e n t i r e  run. 
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4.2, Operating t h e  Program (con t . )  

7 .  DO i n c l u d e  a d e s c r i p t i o n  of t h e  case on t h e  T-card of 

Sec t ion  2. This  information s e r v e s  as a header f o r  each ou tpu t  page. 

This i s  a convenience more than  a n e c e s s i t y .  

8 .  DO NOT u s e  two o r  more T-cards f o r  a header .  This can 

confuse t h e  computer's i n p u t  l o g i c .  

Thus f a r  t h e  s t o r a g e  l o c a t i o n s  f o r  t h e  i n d i v i d u a l  d a t a  b i t s  have 

n o t  been noted.  It i s  s u f f i c i e n t  h e r e  t o  n o t e  t h a t  t h e  i n p u t  d a t a  have 

r e se rved  l o c a t i o n s  i n  c o r e  and t h a t  t h e s e  d a t a  remain i n  t h o s e  l o c a t i o n s  

u n l e s s  over-wri t ten by t h e  next  set of i npu t  d a t a .  Therefore ,  i t  i s  n o t  

necessary t o  i n p u t  a l l  t h e  d a t a  on t h e  nex t  run i f  on ly  one parameter 

(e.g. ,  t h e  r a t i o  of t h e  s p e c i f i c  h e a t s )  i s  t o  be changed. Only t h o s e  d a t a  

which change from one case t o  t h e  nex t  need be i n p u t  i n  success ive  d a t a  

packages a 

Operation of MAIN CONTROL 

Since t h e  computer obeys every command e x p l i c i t l y ,  i t  i s  necessary 

t o  i n d i c a t e  c o r r e c t l y  t o  t h e  computer t h e  programs t h a t  are d e s i r e d  f o r  a 

p a r t i c u l a r  case. Furthermore,  t h i s  must b e  done f o r  every case because t h e  

computer w i l l  t u r n  o f f  t h e  switch t h a t  a c t i v a t e d  t h e  subprogram a f t e r  i t  i s  

through w i t h  t h a t  program. This  i s  done purposely t o  avoid us ing  a program 

t h a t  i s  n o t  needed f o r  t h e  second case. 

The f i r s t  10 c o r e  l o c a t i o n s  are re se rved  f o r  MAIN CONTROL i n  t h e  

fol lowing o rde r :  
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4 . 2 ,  Operating t h e  Program (con t . )  

LO : 

L1: 

L2 : 

L3 : 

L4 : 

L5 : 

L6 : 

L7 : 

L 8  : 

L9 : 

Program A, Longi tudinal  Mode Chamber Analysis and 
S t a b i l i t y  Zones 

Program B ,  Transverse Mode Chamber Analysis  

Program C ,  Exhaust Nozzle Admittance C o e f f i c i e n t s  
f o r  Longi tudinal  and Transverse Modes 

Program D, Expansion of Resu l t s  from Program B 

Program E,  I n j e c t o r  Nonuniformity C o e f f i c i e n t s  

Program F, F i n a l  So lu t ion  of I n s t a b i l i t y  Zones 

Program G, ( no t  used i n  t h i s  package) 

Program H, High Combustion Chamber Mach Number 
Analysis  

Program I, Nonlinear- Combustion Response Analysis  

Program J, I n j e c t e d  Mass D i s t r i b u t i o n  E f f e c t s  

A ze ro  v a l u e  (except  Program H which r e q u i r e s  a n e g a t i v e  va lue )  i n  

any of t h e  l o c a t i o n s  i n d i c a t e s  t h a t  t h i s  program w i l l  n o t  be used. Any number 

g r e a t e r  t han  zero i n s t r u c t s  t h e  computer t o  execute  t h i s  subprogram a t  t h e  

t i m e  i t  i s  requ i r ed .  

subprogram and t h e  number i n  t h e  proper p l a c e  t e l l s  t h e  computer whether o r  

n o t  t o  execu te  t h e  program. 

The program i n s t r u c t i o n s  determine when t o  execute  t h e  

Program Options 

Most subprograms have v a r i o u s  o p t i o n s  concerning t h e  d e s i r e d  ou tpu t  

t o  be p r i n t e d .  

executes  t h e  program and are keyed by t h e  magnitude of t h e  number. These 

p r i n t  o p t i o n s  are p resen ted  i n  t h e  d i s c u s s i o n  of t h e  i n d i v i d u a l  programs. 

However, a few examples are presented h e r e  t o  i l l u s t r a t e  t h i s  po in t :  

These op t ions  are exe rc i sed  by t h e  same c o n t r o l  number t h a t  
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4.2, Operat ing t h e  Program (cont . )  

EXAMPLE 1: EXECUTE PROGRAM C - PRINT NO OUTPUT 

LO + + + 9.0 + + + + + + + (0 < L2 - < 9.0)  

EXAMPLE 2: EXECUTE PROGRAM C - PRINT OUTPUT 

LO + + + 99.0 + + + + + + + (10 < L2 - < 99.0) 

EXAMPLE 3: EXECUTE PROGRAM C - PRINT INPUT AND OUTPUT 

LO + + + 99.0 + + + + + + + (100 < L2 - < 199.0) 

Determinat ion of Design Criteria 

Table  8 shows t h e  program combinations t h a t  are requ i r ed  t o  o b t a i n  

s t a b i l i t y  maps f o r  t h e  l o n g i t u d i n a l  and t r a n s v e r s e  modes and t o  make c e r t a i n  

parameter s t u d i e s .  
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4.2,  Operating t h e  Program (con t . )  

Program A: Longi tudinal  Mode Chamber Analysis  and I n s t a b i l i t y  Zones 

a. Inpu t  Requirements 

Core 
Location Mnemonic 

LO - - 

L10 Y 

L 1 1  

L13 

L14 

L15 

L16 

L17 

L20 

L21 

L22 

L49 

- 
U e 

r 
C 

Lc 

C 
0 

- 
LO U 

k .  

swl 

NIJIC 

w 
C 

Desc r ip t ion  

Execute Program A .  
p r i n t  op t ions  given below. 

Magnitude of number depends upon 

R a t i o  of t h e  s p e c i f i c  h e a t s .  

Steady s ta te  Mach number a t  t h e  en t r ance  t o  t h e  
exhaust nozz le .  
c o n t r a c t i o n  r a t i o  o r  by Program C .  
case, leave L 1 1  blank.  

This  can be determined by t h e  
I n  t h e  la t ter  

Chamber r a d i u s ,  i n .  a l s o  loaded i n  L3804, Program G. 

Length of c y l i n d r i c a l  p o r t i o n  of chamber, i n .  

Speed of sound i n  t h e  chamber, f t / s e c  

Weighted l i q u i d  i n j e c t i o n  v e l o c i t y ,  f t / s e c  
See Equation (18) a t  t h e  end of t h i s  s e c t i o n .  

Gas / l i qu id  momentum in t e rchange  c o e f f i c i e n t .  
( k  = 0 f o r  no d r o p l e t  momentum e f f e c t s )  

S e t  equal  t o  ze ro .  

Number of chamber f r equenc ie s  t o  be used. Leaving 
t h i s  column blank w i l l  t u r n  on Program GENMEC which 
w i l l  select 10 f r equenc ie s  according t o  t h e  r e l a t i o n -  
s h i p  given by Equation (19).  

Table of nondimensional, chamber f r equenc ie s  arranged 
i n  ascending o r d e r .  
end of t h e  t a b l e .  The maximum number of f r equenc ie s  
i s  28 ( i n c l u d i n g  t h e  ze ro  p o i n t ) .  This is  l e f t  b l ank  
i f  L21 i s  blank.  

A ze ro  must b e  included a t  t h e  
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4 . 2 ,  Operating t h e  Program ( c o n t . )  

Core 
Location 

L50 

L69 

L70 

L8 9 

L600 

L629 

630 

659 

L660 

L689 

Mnemonic Desc r ip t ion  

Table of ascending a x i a l  p o s i t i o n s  a t  which t h e  
combustion d i s t r i b u t i o n  ( i . e . ,  t h e  v a r i a t i o n  of t h e  
l o c a l  Mach number wi th  r e s p e c t  t o  Z)  i s  known. 
Dimensioned i n  inches .  A zero va lue  must appear 
a t  t h e  las t  p o i n t .  Minimum of f o u r  real  d a t a  p o i n t s  
i s  r e q u i r e d .  

L Z  

The l o c a l  s t eady  state Mach number t h a t  corresponds 
t o  t h e  given L . A ze ro  must appear as t h e  l as t  
va lue .  Z 

w The ascending t a b l e  of chamber f r equenc ie s  f o r  which 
CYQ t h e  l o n g i t u d i n a l ,  real  and imaginary p a r t s  of t h e  

nozzle  admit tance c o e f f i c i e n t s  ( t o  be i n p u t  nex t )  
are  known. If Program C i s  run t o  determine t h e  
admit tances ,  t h e s e  f r equenc ie s  w i l l  be  a u t o m a t i c a l l y  
t r a n s f e r r e d .  The last  p o i n t  i n  t h e  t a b l e  must be 
zero.  

Ar 

Ai 

b.  P r i n t  Options 

The r ea l  p a r t  of t h e  admit tances  corresponding t h e  
above f r equenc ie s .  The l a s t  p o i n t  i n  t h e  t a b l e  must 
b e  zero.  These can be determined by running 
Program C .  

The imaginary p a r t  of t h e  admit tances  corresponding 
t o  t h e  above f r equenc ie s .  The las t  p o i n t  i n  t h e  
t a b l e  must be zero.  These can be determined by 
running Program C .  

There are no p r i n t  op t ions  a v a i l a b l e  w i t h  t h i s  program. Any LO 

number g r e a t e r  t han  ze ro  w i l l  cause a program execut ion as w e l l  as an  output  

of t h e  i n p u t  d a t a  and t h e  r e s u l t s  of t h e  program. 
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4.2, Operating t h e  Program (con t . )  

c .  Placement of t h e  Data i n t o  t h e  Data Package 

These d a t a  maybe i n s e r t e d  anywhere i n  Sec t ion  I of t h e  d a t a  

package. 

d. Output 

The fol lowing ou tpu t  r e s u l t s  from t h e  e f f o r t s  of t h i s  program: 

f ,  t h e  l o n g i t u d i n a l  chamber frequency f o r  t h e  given 
v a l u e  of w, cps 

w ,  t h e  nondimensional v a l u e  of t h e  chamber frequency 

T~ t h e  s e n s i t i v e  t i m e  l a g ,  mi l l i sec  

r l ,  t h e  p r e s s u r e  i n t e r a c t i o n  index 

e. Aux i l i a ry  Equations 

(1) Axial Liquid Ve loc i ty  (Weighted) 

( M R ) V ~  COS e + v COS e 
F, f t / s e c  x F  - - 

uLo - MR+1 

MR 

v = o x i d i z e r  i n j e c t i o n  v e l o c i t y ,  f t / s e c  

v = f u e l  i n j e c t i o n  v e l o c i t y ,  f t / s e c  F 

x,F 

= mixture r a t i o  = Gx/GF 

X 

e = o x i d i z e r  and f u e l  impingement a n g l e  

Eq. 18 
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4 . 2 ,  Operating t h e  Program (con t . )  

( 2 )  S e l e c t i o n  of Frequencies by GENMEG 

( F i r s t  Longi tudinal)  = (1 - + 0.10) IT 

(Transverse) = (1 - + 0.10) Svn 

Eq. 19  

where 

T = 3.14159 + = r e sonan t  frequency (non- 

S = t r a n s v e r s e  a c o u s t i c  mode number 

dimensional)  f o r  l o n g i t u d i n a l  modes 

given i n  t h e  Program B wr i t eup .  (Table 3 ,  S e c t i o n  3.1)  " 

f .  Other Information 

I n  o r d e r  t o  run hA&her o r d e r  l o n g i t u d i n a l  modes t h e  f r equenc ie s  

must be i n p u t  u s ing  c o r e  l o c a t i o n s  L21, L22 ... L49. 

This program is  s p e c i f i c a l l y  concerned w i t h  concen t r a t ed  combus- 

t i o n  l o c a t e d  a t  p o s i t i o n  xx i n  t h e  chamber. 

t h e  g e n e r a l  combustion d i s t r i b u t i o n  p r o f i l e  t o  a concen t r a t ed  p r o f i l e .  

Therefore ,  t h i s  program conver t s  

Program B: Transverse Mode Chamber Analysis  

a. Input  Requirements 

Core 
Locat ion Mnemonic Desc r ip t ion  

L 1  - Execute Program B.  Magnitude of number depends on 
p r i n t  o p t i o n s  given i n  Paragraph b .  

Transverse a c o u s t i c  mode number is  g iven  i n  Table 3 
f o r  v a r i o u s  modes. s V r l  

L20 
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4.2,  Operating t h e  Program ( c o n t . )  

Core 
Locat i o n  

L10 

L8 9 

L3017 

L3019 

L3048 

L3049 

L3078 

L3079 

L3108 

L3109 

L3138 

L3139 

L3168 

b .  

Mnemonic 

fLw 

w 
c, e 

ER 

Ei 

cR 

‘i 

Desc r i p  t i o n  

These are i d e n t i c a l  t o  Program A except L19 i s  n o t  

requirements .  
.needed. Refer  t o  t h e  wr i t eup  of Program A f o r  t h e s e  

The number of i n p u t  f r equenc ie s  a t  which t h e  t r a n s -  
verse nozz le  admit tance c o e f f i c i e n t s  are known. 
This  number must be g r e a t e r  t han  2 and less than  30.  
I f  t h e  admit tance f o r  a nozz le  is  unknown and 
Program C i s  run, C w i l l  provide t h i s  number. 

The va lues  of t h e  chamber f r e q u e n c i e s ,  arranged i n  
ascending o r d e r ,  f o r  which t h e  t r a n s v e r s e  admit- 
t ances  are known. Program C w i l l  provide them i f  
i t  i s  run. The l as t  v a l u e  must be zero.  

The v a l u e s  of t h e  rea l  p a r t  of t h e  t r a n s v e r s e  nozz le  
admit tance c o e f f i c i e n t .  The las t  va lue  must be ze ro .  
Program C w i l l  supply t h e s e  v a l u e s .  

The v a l u e s  of t h e  imaginary p a r t  of t h e  t r a n s v e r s e  
nozz le  admit tance c o e f f i c i e n t .  The last v a l u e  must 
b e  zero.  Program C w i l l  supply t h e s e  v a l u e s .  

The v a l u e s  of t h e  real p a r t  of t h e  t h i r d  t r a n s v e r s e  
nozz le  admit tance c o e f f i c i e n t .  This i s  needed on ly  
f o r  h igh  Mach number chambers. The last  v a l u e  must 
be zero.  Program C w i l l  supply t h e s e  v a l u e s .  

The va lues  o f  t h e  imaginary p a r t  of t h e  t h i r d  t r a n s -  
verse nozz le  admit tance c o e f f i c i e n t .  This  i s  needed 
only fo r  high Mach number chambers. 
must be ze ro .  Program C w i l l  supply t h e s e  v a l u e s .  

The l as t  v a l u e  

P r i n t  Options 

0 < L 1  - < 9: 

10 - < L 1  - < 99: 

Execute B ,  do n o t  p r i n t  i n p u t  o r  output  

Execute B ,  p r i n t  ou tpu t  
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4 .2 ,  Operat ing t h e  Program (con t . )  

100 < L1 < 199: Execute B ,  p r i n t  i n p u t  and ou tpu t  - - 
(recommended) 

200 - < L1 - < 299: Execute B ,  p r i n t  i n p u t  and ou tpu t ,  
p r i n t  s t eady  s t a t e  t a b l e s  and va lues  
of i n t e g r a l s  a s s o c i a t e d  w i t h  h igh  
Mach number cases. 

c. Placement of t h e  Data i n t o  t h e  Data Package 

These d a t a  may be  i n s e r t e d  anywhere i n  Sec t ion  I of  t h e  d a t a  

package. 

d .  Output 

The fo l lowing  ou tpu t  r e s u l t s  from t h i s  program: 

w : nondimensional chamber f r equenc ie s  

hR (w): t h e  rea l  p a r t  (damping e f f e c t s )  of t h e  
chamber admi t tance  i n  t h e  chamber 

hi ( w ) :  t h e  imaginary p a r t  of  t h e  chamber 
admi t tance  

e. Tabula t ion  of  Transverse Acoust ic  Mode Number (S ) vn  

(1) Tangen t i a l  Modes 

F i r s t  t a n g e n t i a l :  Sll = 1.8413 

Second t a n g e n t i a l :  S21 = 3.0543 

Third t a n g e n t i a l :  s31 = 4.2012 

Fourth t a n g e n t i a l :  SLrl = 5.3175 

F i f t h  t a n g e n t i a l :  S51 = 6.4154 
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4.2, Operat ing t h e  Program (cont . )  

(2) Rad ia l  Modes 

F i r s t  r a d i a l :  So2 = 3.8317 

Second r a d i a l :  So3 = 7.0156 

Third r a d i a l :  So4 = 10.1734 

(3) Combined Tangent ia l -Radial  Modes 

IT-1R: 

IT-2R: 

IT-3R: 

2T-1R: 

2T-2R: 

2T-3R: 

3T-lR: 

3T-2R: 

3T-3R: 

S12 = 5.3313 

= 8.5263 '13 
S14 = 11.7059 

= 6.7060 

= 9.9695 '23 
= 13.1705 '24 

S32 = 8.0151 

= 11.3459 

= 14.5858 

'22 

'33 

s34 

(4)  Combined t r ansve r se - long i tud ina l  
Modes can n o t  b e  Programmed 

Program C: 
and Transverse Modes 

Exhaust Nozzle Admittance C o e f f i c i e n t s  f o r  Longi tudina l  

a.  Inpu t  Requirements 

Core 
Locat ion Mnemonic Desc r ip t ion  

L3801 MDESIR = 1.: t h e  t a b l e  of v e l o c i t y  p o t e n t i a l  v a l u e s  w i t h i n  
t h e  nozz le  i s  inpu t  and t h e  Mach number t o  t h e  
en t r ance  of t h e  nozz le  i s  i n p u t .  
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4 . 2 ,  Operating t h e  Program (con t . )  

Core 
Location Mnemonic 

L3803 

L3804 

L3805 

L3806 

L3807 

L90 

L9 1 

L9 2 

L93 

L94 

L20 

L3808 

RAT 

RAC 

RCC 

RCT 

ALPHA 

RAT1 

RCTI" 

RACI 

RCCI" 

HANGI* 

S 

KN 

Desc r ip t ion  

= 2.: The Mach number a t  t h e  en t r ance  t o  t h e  nozz le  
i s  i n p u t  b u t  t h e  v e l o c i t y  p o t e n t i a l  table  m u s t  b e  
c a l c u l a t e d .  

= 3.: 
t a b l e  must be c a l c u l a t e d .  

Radius of t h e  t h r o a t ,  i n .  

Radius of t h e  chamber, i n . ,  a l s o  loaded i n  L13, 
Program A. 

Radius of chamber c u r v a t u r e  a t  t h e  n o z z l e  e n t r a n c e ,  
i n .  

Radius of c u r v a t u r e  a t  t h e  t h r o a t ,  i n .  

Nozzle convergent ha l f - ang le ,  deg. 

Radius of centerbody t h r o a t ,  i n .  

Radius of c u r v a t u r e  of t h e  centerbody t h r o a t ,  i n .  

Radius of chamber of centerbody, i n .  

Radius of c u r v a t u r e  of centerbody a t  t h e  nozz le  
en t r ance .  

Centerbody nozz le  convergent ha l f - ang le ,  deg. 

Transverse a c o u s t i c  mode number given i n  Table 3 
f o r  c y l i n d r i c a l  chambers. 

I f  L3801 2 ,  t hen  KN i s  e i t h e r  

a. An odd i n t e g e r  less than  200 t e l l i n g  t h e  d e s i r e d  
s i z e  of t h e  program generated v e l o c i t y  p o t e n t i a l  
t a b l e ,  o r  

Blank and program w i l l  assume % = 101 
(recommended) 

t h e  Mach number and t h e  v e l o c i t y  p o t e n t i a l  

b .  

*Note 1: These v a l u e s  may be p l u s  o r  minus, see F igures  21 and 2 2 .  
Note 2: For c y l i n d r i c a l  chambers, l e a v e  L90 through L94 b lank .  
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Figure  22. Imaginary P a r t  of Radia l  Ve loc i ty  Admittance 
C o e f f i c i e n t  Versus Ax ia l  Dis tance  
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4.2,  Operat ing t h e  Program (con t . )  

Core 
Locat ion Mnemonic 

23809 X ( Z )  
L 3 8 1 1  
L3813 

L4205 

L3810- V2(Z) 
L3812 
L3814 

L4206 

Desc r ip t ion  

Dimensionless v e l o c i t y  p o t e n t i a l  t a b l e  (199 v a l u e s  
maximum) i n  t h e  odd numbered l o c a t i o n s  only .  I f  
L3801 > 2 ,  t h i s  i s  n o t  necessary .  - 

Squares o f  t h e  reduced v e l o c i t y  t a b l e  (199 va lues  
maximum) i n  t h e  even numbered l o c a t i o n s  only .  
If  L3801 - > 2,  t h i s  i s  n o t  necessa ry .  

b .  P r i n t  Options 

0 < L2 - < 9: Execute Program C ,  p r i n t  no ou tpu t  

10 - < L2 - < 99: Execute Program C ,  p r i n t  ou tpu t  

100 - < L2 - < 199: Execute Program C ,  p r i n t  i npu t  and 
output  (recommended) 

200 - < L2 - < 299: Execute Program C ,  p r i n t  i npu t  and 
ou tpu t ,  and p r i n t  t h e  nondimensional 
v e l o c i t y  p o t e n t i a l  t a b l e .  

c. Placement of t h e  Data i n  t h e  Data Package 

These d a t a  may be  i n s e r t e d  anywhere i n  Sec t ion  I of t h e  d a t a  

package. 

d .  Output 

, i n  t h e  chamber and 
sVTl 

The t r a n s v e r s e  a c o u s t i c  mode number, 

nozz le .  The v a r i a t i o n  of S i n  t h e  nozz le  i s  g iven  by Eq. 22 a t  t h e  end 

of t h i s  s e c t i o n .  
V r l  
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4 . 2 ,  Operating t h e  Program (con t . )  

The nondimensionalized frequency, w i n  t h e  chamber and nozz le .  

The v a r i a t i o n  of t h e  w i n  t h e  nozz le  is  given by Equations 21 and 22 a t  t h e  

end of t h i s  s e c t i o n .  

- 
The Mach number, u * a t  t h e  en t r ance  of t h e  nozz le .  e’ 

The r a t i o  of t h e  s p e c i f i c  h e a t s ,  G .  

The real and imaginary p o r t i o n s  of t h e  f i r s t ,  second, and t h i r d  

( i . e . ,  A,  B y  C) admit tance parameters.  

The real and imaginary p o r t i o n s  of t h e  t r a n s v e r s e  nozz le  admit- 

t ances  ( i .e . ,  T1, T2). 

The frequency, F, i n  chamber, Hz. 

e. Aux i l i a ry  Equations 

(1) The S e l e c t i o n  of t h e  Chamber Frequencies 
t o  b e  Used 

Because of t h e  long execu t ion  t i m e  of t h i s  program f o r  a 

given v a l u e  of a, t h e  program starts w i t h  t h e  f i r s t  chamber frequency and 

uses  every o t h e r  frequency t h e r e a f t e r ;  t h a t  is  i f  n is  t h e  t o t a l  number of 

chamber f r equenc ie s ,  Program C w i l l  u se  m number of f r equenc ie s  according 

t o  t h e  r e l a t i o n s h i p  

n m = - + l  2 
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4.2,  Operating t h e  Program (con t . )  

I n  computer language, m and n are whole numbers. Therefore ,  

i f  n = 11 

11 m = - + l  2 

m = 5 + 1 (where 0.5 has  been t runca ted  ou t )  

m = 6  

(2)  Nondimensional chamber frequency 

where 

C 
C 

* = deno tes  dimensional v a r i a b l e s  
s u b s c r i p t  c denotes  chamber 
cond i t ions  

f = chamber frequency, c p s  

c = chamber speed of sound, f t / s e c  

v 
AC (depending i f  l o n g i t u d i n a l  o rc  

C 

C * * 
= chamber l e n g t h  Lc o r  r a d i u s  R 

t r a n s v e r s e  modes r e s p e c t i v e l y  
are d e s i r e d ) .  

(3)  Nondimensional Nozzle Frequency 

1/2 r*AT 
c ( Y + U  w 

AC 2 r* w + -  N K  

Eq. 20 

Eq .  21 
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4.2, Onerat ing t h e  Program (con t . )  

where 

(4) Nozzle Transverse Acoust ic  Nozzle Number 

Eq. 22 

The l i s t i n g  of  t h i s  program is  presented  i n  Volume 2 .  

Program D: Expansion of Resu l t s  from Program B 

a.  Inpu t  Requirements 

Core 
Locat ion Mnemonic Desc r ip t ion  

R l  The r a t i o  of t h e  r a d i a l  v e l o c i t y  c o e f f i c i e n t  t o  t h e  
p r e s s u r e  i n t e r a c t i o n  index.  Genera l ly  set equa l  t o  
zero.  

r n  L3405 

The r a t i o  of t h e  t a n g e n t i a l  v e l o c i t y  c o e f f i c i e n t  t o  
t h e  p r e s s u r e  i n t e r a c t i o n  index.  Genera l ly  set  equal  
t o  zero .  

‘eln L3406 

1 = 1 f o r  l i n e a r  combustion response ,  > 1 f o r  non l inea r  
combustion response .  This  parameter i n d i c a t e s  t h e  
number of f r equenc ie s  f o r  which t h e  i n j e c t o r  nonuni- 
formi ty  c o e f f i c i e n t s ,  AVq,  B V n y  and C v n y  are known. 
The running of  Program I w i l l  determine t h i s  number. 
(Not r e q u i r e d  i f  Program B i s  run . )  

Nu L3407 

L3408 n The number of chamber f r equenc ie s  (> 29) 
W Y C  (Not r equ i r ed  i f  Program B i s  run.)- 
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4 . 2 ,  Operating t h e  Program (con t . )  

Core 
Lo cat ion  

L3409 

L343 7 

L3439 

L3467 

L3469 

L3497 

L4522 

a .  

L4538 

L4539 

L4555 

L4556 

L4572 

L4573 

L4589 

L4590 

L4606 

Desc r ip t ion  

The t a b l e  of f r equenc ie s  arranged i n  ascending o r d e r .  
The las t  v a l u e  must be zero.  
Program B i s  run.)  

(Not r equ i r ed  i f  

Real p a r t  of t h e  damping e f f e c t s  computed i n  
Program B .  The las t  v a l u e  must be ze ro .  (Not 
r equ i r ed  i f  Program B i s  run.)  

Imaginary p a r t  of t h e  damping e f f e c t s  computed i n  
Program B .  The l as t  v a l u e  must be ze ro .  (Not 
r equ i r ed  i f  Program B i s  run.)  

The va lues  of chamber f r equenc ie s  f o r  which t h e  non- 
un i fo rmi ty  c o e f f i c i e n t s  are known. U s e  only i f  d a t a  
are a v a i l a b l e .  

The rea l  p a r t  of t h e  p r e s s u r e  nonuniformity c o e f f i c i e n t  
corresponding t o  t h e  above f r equenc ie s  ( w  ) .  A = 1 .0  
f o r  uniform i n j e c t i o n  d i s t r i b u t i o n .  c, 1 

The rea l  p a r t  of t h e  r a d i a l  v e l o c i t y  nonuniformity 
c o e f f i c i e n t  corresponding t o  t h e  above f r equenc ie s  

) .  General ly  set  equa l  t o  ze ro .  %,I 

The real  p a r t  of t h e  t a n g e n t i a l  v e l o c i t y  nonuniformity 
c o e f f i c i e n t  corresponding t o  t h e  above f r equenc ie s  

) .  General ly  set equal  t o  zero.  (%, I 
The imaginary p a r t  of t h e  t a n g e n t i a l  v e l o c i t y  non- 
uniformity c o e f f i c i e n t  corresponding t o  t h e  above 
f r equenc ie s  ( w  ) .  General ly  set equa l  t o  ze ro .  

c ,  1 

NOTES: a. A l l  t h e s e  d a t a ,  w i t h  t h e  excep t ion  of 
R,/n and R e / n ,  can be c a l c u l a t e d  us ing  
Programs B ,  E ,  and I.  

i n c l u d e  t h e  e f f e c t s  of t h e  nonuniformity 
c o e f f i c i e n t s  f o r  t h e  low Mach number cases .  
With t h e  new high Mach a n a l y s i s ,  t h e s e  
e f f e c t s  are taken i n t o  account by t h e  
chamber program. 

b.  This  program was used s p e c i f i c a l l y  t o  
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4 . 2 ,  Operating t h e  Program (con t . )  

b .  

C. 

P r i n t  Options 

0 < L3 < 9: Execute D,  p r i n t  no ou tpu t  o r  i n p u t  

10 - < L3 - < 99: Execute D, p r i n t  output  only 

100 - < L 3  - < 199: Execute D ,  p r i n t  i n p u t  and ou tpu t  

Placement of t h e  Data i n t o  t h e  Data Package 

These d a t a  can b e  i n s e r t e d  anywhere i n  Sec t ion  I of t h e  d a t a  

package. 

d .  Output 

An expanded t a b l e  (50 va lues )  of w, hR (a) , and hi (a>. 

A l i s t i n g  of t h i s  program is  presented i n  Volume 2 .  

Program E: I n j e c t o r  Nonuniformity C o e f f i c i e n t s :  AvTI)..ll+Tl B C 

a .  Inpu t  Requirements (no t  programed f o r  annu la r  chambers) 

MAIN CONTROL r e q u i r e s  L4 

Core 
Location Mnemonic Desc r ip t ion  

L 1  I Z Z I T  I n d i c a t e s  whether t h e  mode i s  s t and ing  o r  spinning: 

Standing: l Z Z I T  < 0 
Spinning: l Z Z I T  > 0 
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4.2, Operating t h e  Program (con t . )  

Core 
Locat i o n  

L2 

L3 

L4 

L5 

L7 

L9573 

L9570 

L1920 

L2919 

L2920 

L3919 

L3920 

L4919 

Mnemonic 

XM 

XN 

SECTOR 

V 

S 
V l l  

R i n  j 

NE 

E r 

OE 

pE 

DescriDtion 

The number of r a d i a l  d i v i s i o n s  d e s i r e d  on t h e  
i n j e c t o r  f a c e  (10 < XM < 21) .  This  does n o t  need 
t o  be i n p u t  i f  Program 7 i s  r u n  because Program J 
sets t h i s  equa l  t o  20. 

The number of angu la r  d i v i s i o n s  d e s i r e d  around t h e  
i n j e c t o r  f a c e  (20 < XN < 181). This  does n o t  need 
t o  be i n p u t  i f  Program 7 i s  run because Program J 
sets t h i s  equal  t o  180. 

The number of symmetrical s e c t o r s  t h a t  t h e  i n j e c t o r  
can be d iv ided  i n t o ,  (1 - < SECTOR - < 180) .  

Long i tud ina l  mode number 1, 2 ,  3 ,  etc. For r a d i a l  
modes v = 0. 

Transverse a c o u s t i c  mode number given by t a b u l a t i o n  
presented i n  Program B write-up. 

I n j e c t o r  r a d i u s ,  i n .  

Number of elements p e r  symmetrical s e c t o r .  
maximum number of elements i s  1000. Ignore i f  
Program J i s  run. 

The 

The r a d i a l  p o s i t i o n  of each element w i t h i n  t h e  
symmetrical s e c t o r ,  i n .  Program J s u p p l i e s  t h e s e  
d a t a  when i t  is  run.  

The angu la r  displacement (from any convenient 
r e f e r e n c e  l i n e  on t h e  i n j e c t o r  f a c e )  of each 
element w i t h i n  t h e  symmetrical s e c t o r ,  r a d i a n s .  
Program J s u p p l i e s  t h e s e  d a t a  when i t  is  run.  

The element i n j e c t i o n  d i s t r i b u t i o n  given by 
Equation 23 a t  t h e  end of t h i s  s e c t i o n .  Usual ly  
Program J provides  t h i s  information t o  Program E.  
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:)perat i r?g t h e  Program ( c o a t . )  

b .  P r i n t  Options 

0 - < L4 - < 9: 

10 - < L4 - < 99: 

100 - < L4 - < 199: 

Execute E ,  do n o t  p r i n t  i n p u t  o r  ou tpu t  

Execute E ,  p r i n t  ou tput  on ly  

Execute E,  p r i n t  i n p u t  and output  

c .  Placement of t h e  Data i n t o  t h e  Data Package 

Main c o n t r o l  da t a :  Sec t ion  I of d a t a  package. 

A l l  o t h e r  da t a :  Sec t ion  111 of d a t a  package. Sec t ion  I V  must be  

included i n  t h e  d a t a  package. 

d .  Output 

The fo l lowing  output  i s  obta ined  from t h i s  program: 

and C . 
Avi2y Bvrl, vrl 

e .  Aux i l i a ry  Equ.itions 

l-IE D i s t r i b u t i o n  c o e f f i c i e n t ,  

where 

= t o t a l  weight f low ra te  of e lement ,  l b / s e c  

= t o t a l  weight flow r a t e  of i n j e c t o r ,  l b / s e c  

2 

(wT) E 

w T 

s E  
( A  ) = s u r f a c e  area se rv iced  by t h e  element,  i n .  

2 
= t o t a l  s u r f a c e  area of i n j e c t o r ,  i n .  *in j 
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4 . 2 ,  Operat ing t h e  Program (con t . )  

f .  Other  Information 

The l i s t i n g  o f  t h i s  program i s  presented  i n  Volume 2 .  

Program F: F i n a l  So lu t ion  of I n s t a b i l i t y  Zones 

a.  Inpu t  Requirements 

The inpu t  f o r  t h i s  program comes d i r e c t l y  from Program D and con- 

sists of t h e  fo l lowing  parameters:  

The frequency i n  the  chamber, w 

i n .  AC ’ The r a d i u s  of t h e  chamber r 

Speed of sound i n  t h e  chamber, co,  f t l s e c  

R e a l  and imaginary p a r t s  of t h e  damping parameters  
ccrresponding t o  t h e  above f r equenc ie s  

This  program can be  run  by i t s e l f  i f  t h e  d a t a  are i n s e r t e d  i n t o  

those  l o c a t i o n s  s p e c i f i e d  by Program D .  

b .  P r i n t  Options 

0 < L5 - < 9: Execute Program F, p r i n t  no i n p u t  
and ou tpu t  

10 - < L5 - < 99: Execute Program F, p r i n t  ou tpu t  only 

100 - < L5 - < 199: Execute Program F, p r i n t  i npu t  and 
output  
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4 . 2 ,  Operating t h e  Program (con t . )  

c .  Placement of t h e  Data i n t o  t h e  Data Package 

These d a t a  are included i n t o  Sec t ion  I of t h e  d a t a  package. 

d .  Output 

The fo l lowing  output  r e s u l t s  from t h i s  program: 

f = frequency of o s c i l l a t i o n ,  Hz 

w = nondimensional frequency 

T = s e n s i t i v e  t i m e  l a g  corresponding t o  t h e  
above frequency, mi l l i sec  

n = p r e s s u r e  i n t e r a c t i o n  index 

A t  t h e  bottom of t h e  page, an  e f f o r t  is  made t o  l o c a t e  t h e  minimum 

i n t e r a c t i o n  index. I n  most cases, t h i s  information i s  v a l i d .  However, e f f e c t s  

from a n  a d j a c e n t  mode w i l l  i n t e r v e n e  o c c a s i o n a l l y  thereby i n v a l i d a t i n g  t h i s  

information.  

e. Other Information 

This program o b t a i n s  i t s  r e s u l t  by t h e  s o l u t i o n  of t h e  fol lowing 

equat ions:  

Frequency, cps  

C 
w 0 f = -  - 

AC   IT r 
Eq. 24 
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4.2, Operating the Program (cont.) 

Pressure interaction index, n 

2 2 
h R +hi n =  
2hR 

Sensitive time lag, T, millisec 

c 1  -1 hi r 
T = (83.33)  - - tan ~ c f  n-hR 

0 

Eq. 25 

Eq. 26 

Program G: Not in Use 

Program H: High Combustion Chamber Mach Number Analysis 

Program H is not operational. Recommended procedure is to place a 
negative number in load location L7 of MAIN CONTROL. 

Program I: Nonlinear Combustion Response (Option for Program E) 

a. Input Requirements 

Core 
Location Mnemonic Description 

ALL THE DATA REQUIRED TO RUN PROGRAM E ASLWELL AS: 

LO El The permissible error. If blank, the program will 
assume El = 0.001. 

The ratio of the maximum pressure amplitude at the 
injector face to the steady-state pressure value. poo L12 

L19 IPP The values of the pressure perturbation-associated 
L68 with the pressure-dependent nonlinear element. 
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4.2,  Operat ing t h e  Program (cont . )  

Core 
Locat ion 

L69 
L 1 1 8  

L 1 1 9  
L168 

L169 
L2 18 

L219 
L268 

L269 
L318 

L9595 

L9596 

L9597 

L9598 

b .  

Mn e m  on i c  

OPP 

LPR 

OPR 

I P T  

OPT 

TFLP 

TFLR 

TFLT 

NUNBR 

Desc r ip t ion  

The va lues  of t h e  combustion p e r t u r b a t i o n  correspond- 
ing  t o  t h e  above IPP v a l u e s .  

The v a l u e s  of t h e  r a d i a l  v e l o c i t y  p e r t u r b a t i o n  a s soc i -  
a t e d  wi th  t h e  veloci ty-dependent  non l inea r  element.  

The v a l u e s  of t h e  combustion p e r t u r b a t i o n  correspond- 
i n g  t o  t h e  above IPR v a l u e s .  

The v a l u e s  of t h e  t a n g e n t i a l  v e l o c i t y  p e r t u r b a t i o n  
a s s o c i a t e d  wi th  t h e  v e l o c i t y  dependent non l inea r  
element.  

The va lues  of t h e  combustion p e r t u r b a t i o n  correspond- 
i n g  t o  t h e  above IPT v a l u e s .  

The l i n e a r  t r a n s f e r  f u n c t i o n  f o r  equ iva len t  l i n e a r  
ope ra t ion  a s s o c i a t e d  w i t h  t h e  pressure-dependent 
non l inea r  element.  

The s a m e  as TFLP except  f o r  r a d i a l  veloci ty-dependent  
non l inea r  element.  

The same as TFLP except  f o r  t a n g e n t i a l  v e l o c i t y -  
dependent non l inea r  e lements .  

The number of s t e p s  t o  be  used i n  t h e  i n t e g r a t i o n  
scheme a s s o c i a t e d  w i t h  t h i s  problem. I f  l e f t  b lank ,  
t h e  computer w i l l  assume 20, which i s  s u f f i c i e n t  f o r  
most cases. 

P r i n t  Options 

0 < L 8  - < 9: 

10 - < L8 - < 99: Execute I, p r i n t  ou tput  only 

100 - < L8 - < 199: 

Execute I,  p r i n t  no i n p u t  o r  ou tpu t  d a t a  

Execute I ,  p r i n t  i npu t  and output  
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4.2, Operat ing t h e  Program (cont . )  

c. Placement of t h e  Data i n t o  t h e  Data Package 

These d a t a  are inc luded  i n  Sec t ion  111 of the d a t a  package. Along 

wi th  t h e s e  d a t a ,  Sec t ion  I V  must b e  inc luded .  

d .  Output 

The output  of t h i s  program i s  as fol lows:  

The frequency, w 

The element number, l o c a t i o n ,  and f r a c t i o n a l  f low 
ra te  f f R ,  and f necessary  f o r  Program E T P 9  

This  w i l l  au tomat i ca l ly  change t h e  output  Program E as fo l lows:  

The frequency,  w 

The frequency dependent expansion c o e f f i c i e n t s  
A B and C . 

vrl’ vr19 V r l  

Program J: I n j e c t e d  Mass D i s t r i b u t i o n  E f f e c t s  (Not Programed f o r  
Annular Chambers) 

a .  Input  Requirements 

Core 
Locat ion Mnemonic 

L319 n 
L323 

D e s c r i D t  i o n  

Element number (maximum = 1000) w i th in  
symmetrical s e c t o r .  

L327 
L319 + 4n 
L3 20 
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4.2, Operating t h e  Program (con t . )  

Core 
Location Mnemonic Desc r ip t ion  

X o r  v Element l o c a t i o n ,  i n .  n n L324 
L328 
L320 + 4n 
L321 

L3-2 5 Xn o r  Bn Element l o c a t i o n  
L329 
L 3 2 1  + 4n 
L322 

Tn L326 
L3 30 

Type of i n j e c t i o n  element. The d e t a i l s  concerning 
t h i s  t ype  number are given n e x t .  

L4  DX Number of symmetrical s e c t o r s ,  DX = 1 f o r  no 
symmetry. 

L4944 - 

L9568 

The d a t a  inpu t  i n  t h i s  s e c t i o n  serve t o  d e f i n e  the 
element types and consist:  of a maximum of 100 vari- 
a b l e  l e n g t h  d a t a  sets. Each set con ta ins :  

a. The element t ype  number (4100) 
b .  
c. Diameters of a l l  t h e  o x i d i z e r  o r i f i c e s  
d. Number of f u e l  o r i f i c e s  f o r  t h a t  t y p e  
e. Diameters of a l l  t h e  f u e l  o r i f i c e s  

Number of o x i d i z e r  o r i f i c e s  f o r  t h a t  type 

EXAMPLE 

= i t h  element t ype  Ti l e t  

mi 
DXi 

= number of o x i d i z e r  o r i f i c e s  f o r  t h e  i t h  type element 

= diameter  of t h e  j t h  o x i d i z e r  o r i f i c e  i n  t h e  i t h  type  
element 

NFi 

DFi 

= number of f u e l  o r i f i c e s  f o r  t h e  i t h  type  element 

= diameter  of t h e  j t h  f u e l  o r i f i c e  i n  t h e  j t h  type  
e l  emen t 
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4.2, Operating t h e  Program (con t . )  

Then a t y p i c a l  i npu t  would read 

I f  NF o r  NX i s  ze ro ,  t hen  do no t  set DFi,l = 0 o r  DXi,l = 0 .  L L 

Assume NX1 E 0.0,  t hen  

L4944 + T1 + NX1 + NF1 + DF + DF + DF + T + NX + DXZml + . . . 1 Y 1  1Y2 1,3 2 2 

Core 
Location Mnemonic 

L9569 

L9570 

L9571 

L9572 

L9573 

L9574 

L9575 

L9576 

NT 

NE 

COORD 

WT 

R i n  j 

MR 

NFFC 

DFFC 

Desc r ip t ion  

T o t a l  number of i n j e c t i o n  types  

Number of elements per symmetrical s e c t o r  

COORD = 0: elements are l o c a t e d  us ing  
p o l a r  coord ina te s  

COORD > 0: elements are l o c a t e d  using 
C a r t e s i a n  coord ina te s  

T o t a l  i n j e c t o r  weight flow, l b / s e c  

I n j e c t o r  r a d i u s ,  i n .  

I n j e c t o r  mix tu re  r a t i o  

T o t a l  number of f u e l  f i l m  c o o l i n g  h o l e s  

Diameter of f u e l  f i l m  coo l ing  h o l e s  

I n  t h e  event  of f u e l  o r  o x i d i z e r  f i l m  coo l ing ,  e i t h e r  t h e  pe rcen t  f i l m  

coo l ing  o r  t h e  a c t u a l  o r i f i c e  dimensions can b e  used t o  d e s c r i b e  t h e  coo l ing .  

P l a c e  a z e r o ( s )  i n  t h e  one(s)  n o t  used. 
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4.2,  Operat ing t h e  Program (con t . )  

Core 
Locat ion Mnemonic D e s c r i D t  i o a  

L9588 PFFC Percent  f u e l  f i l m  coo l ing  

L9578 ROX Oxidizer  d e n s i t y ,  l b l f t  

L9579 ROF Fuel d e n s i t y ,  l b l f t  

3 

3 

L-9584 CDX Oxidizer  o r i f i c e  l o s s  c o e f f i c i e n t  

L9585 CDF Fuel  o r i f i c e  l o s s  c o e f f i c i e n t  

L9589 PFFX Percent  ox id i ze r  f i l m  coo l ing  

L9590 NFFX T o t a l  number of o x i d i z e r  f i l m  coo l ing  o r i f i c e s  

L9591 DFFX Diameter of o x i d i z e r  f i l m  cool ing  o r i f i c e s  

L2, L3, and L4 from Program E.  

b .  P r i n t  Options 

0 < L9 - < 9: Execute J ,  do n o t  p r i n t  ou tput  o r  
i npu t  d a t a  

10  - < L9 - < 99: Execute J ,  p r i n t  ou tput  on ly  

100 - < L9 - < 199:  Execute J ,  p r i n t  i npu t  and output  

L9 < 500: Execute J ,  p r i n t  i npu t  and ou tpu t ,  - 
and, i f  e r r o r  occurs  i n  J ,  dump 
errw message wi th  inpu t  d a t a .  

c .  Placement of t h e  Data i n t o  t h e  Data Package 

Main c o n t r o l  da ta :  Sec t ion  I of t h e  d a t a  package. 

A l l  o t h e r  d a t a :  Sec t ion  I11 of  t h e  d a t a  package. Sec t ion  I V  

must be  inc luded  i n  t h e  d a t a  package. 
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4.2 Operating t h e  Program (cont  e 

d.  Output 

The fol lowing output  r e s u l t s  as a consequence of t h i s  program: 

Miscellaneous information concerning t h e  t o t a l  o r i f i c e  
area, c i r c u i t  p r e s s u r e  d rops ,  o v e r a l l  mixture  r a t i o ,  
e tc .  

Element number, i n j e c t i o n  t y p e ,  and l o c a t i o n .  

Desc r ip t ion  of v a r i o u s  parameters a s s o c i a t e d  wi th  t h e  
d i f f e r e n t  types of i n j e c t i o n  elements.  

Element number, l o c a t i o n ,  and d i s t r i b u t i o n  c o e f f i c i e n t .  

The d i s t r i b u t i o n  c o e f f i c i e n t  as a f u n c t i o n  of t h e  
r a d i u s  a c r o s s  t h e  f a c e  of t h e  i n j e c t o r .  
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Table  9 -- Inpu t  Data f o r  Mode Example Problem 
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4 ,  Use of Computer Programs ( con t . )  

4.3 ILLUSTRATIVE DESIGN PROBLEMS 

Example 9 : Longitudinal  Mode Analysis  

The fol lowing d a t a  concerning a h y p o t h e t i c a l  engine w i l l  b e  

used f o r  t h i s  example. The l o c a t i o n  of t h e s e  d a t a  i n  t h e  i n p u t  i s  desc r ibed  

i n  Program A and Program C i n  Sec t ion  4.2. 

Main c o n t r o l  (LO and L2) 

Engine geometry: see F igure  2 1  (L13, 1 4 ,  18, 3803-3807) 

y = 1.218 (L10) 

Mach number: w i l l  b e  c a l c u l a t e d  from c o n t r a c t i o n  r a t i o  

Co = 3800 f t / s e c  (L15)  

Weighted l i q u i d  i n j e c t i o n  v e l o c i t y  (L16) 

Momentum in t e rchange  c o e f f i c i e n t  = 0.0 (L17) 

Combustion d i s t r i b u t i o n :  a l i n e a r  combustion d i s t r i b u t i o n  
wi th  complete combustion occur r ing  a t  6.4 i n .  (L50 ..., L70 ...) 

and ( L l l )  

The problem i s  t o  f i n d  t h e  n,T zone f o r  t h e  f i r s t  l o n g i t u d i n a l  

mode. The i n p u t  d a t a  package is  shown i n  Table 9 and t h e  ou tpu t  i s  shown i n  

Table 10. 

The output  of t h i s  program is a n e u t r a l  s t a b i l i t y  curve which 

d e s c r i b e s  t h e  system p r e s s u r e  i n t e r a c t i o n  index, n ,  as a f u n c t i o n  of t h e  sen- 

s i t i v e  t i m e  l a g ,  T .  Engine systems whose i n j e c t o r  c h a r a c t e r i s t i c s  coincided 

wi th  t h i s  l i n e  could n e i t h e r  amplify nor dampen s m a l l  l i n e a r  d i s tu rbances  i n  

t h e  combustion process  e The i n j e c t o r  c h a r a c t e r i s t i c s  are n o t  o b t a i n a b l e  from 

t h i s  nor  any e x i s t i n g  computer program. They are d iv ided  i n t o  two p a r t s :  

(1) s e n s i t i v e  frequency ( r e l a t a b l e  t o  T by t h e  equa t ion  f s = -) 2T and (2) an 

experimental ly  determined i n j e c t o r  p r e s s u r e  i n t e r a c t i o n  index,  n. 

1 
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4,3,  I l l u s t r a t i v e  Design Problems ( con t . )  

Example 10: Transverse Mode Analysis 

For t h e  t r a n s v e r s e  case, t h e  problem w i l l  b e  t o  f i n d  t h e  n,-c 

zones f o r  t h e  f i r s t  t a n g e n t i a l  and t h e  second t a n g e n t i a l  modes. The d a t a  given 

i n  t h e  l o n g i t u d i n a l  case w i l l  be  supplemented by t h e  fol lowing information:  

Main c o n t r o l  (L1, L 3 ,  L4, L5 and L9)  which t r i g g e r s  
Programs B ,  D ,  E and J 

S 1 1  = 1.8413 and S21 = 3.0543 (L20) 

I n j e c t o r  p r e s s u r e  nonuniformity c o e f f i c i e n t  (L4539) 

Number of r a d i a l  b a f f l e  compartments = 180 
(L4 Sec t ion  I11 of d a t a  package n o t  t o  b e  confused 

w i t h  L4 of main c o n t r o l )  

T o t a l  weight flow = 150 l b / s e c  

Mixture r a t i o  = 2.0 

I n j e c t i o n  occurs a t  t h r e e  r a d i i :  

Unlike doub le t s  a t  = 2.0 i n .  

T r i p l e t s  (X-F-X) a t  r = 4.0 i n .  (L9569-76, 79, 84, 
85, 88-91) 

Pentads (4F-X) a t  r = 6.0 i n .  

I n j e c t o r  r a d i u s  = chamber r a d i u s  

No f i l m  cool ing 

Fuel  and o x i d i z e r  l o s s  c o e f f i c i e n t s  = 0.75 

Spinning modes (L1 S e c t i o n  I11 of d a t a  package) 

Tangen t i a l  mode numbers = 1 and 2 (L5 Sec t ion  I11 
of d a t a  package) 

No r a d i a l  o r  t a n g e n t i a l  v e l o c i t y  e f f e c t s  (L4556 ..., 
L4573. .., and L4590... n o t  needed) 

The d a t a  package i n p u t  i s  shown i n  Table 9 and t h e  ou tpu t  i s  

shown i n  Table 11. 

(Figure 20) t o  make s u r e  t h a t  t h e  d a t a  f o r  Programs E and J go i n t o  Sec t ion  I11 

of package. Do n o t  f o r g e t  Sec t ions  I1 and I V  (T) ca rds .  Once aga in ,  t h e  

problem is  t o  f i n d  t h e  n,-c n e u t r a l  s t a b i l i t y  curve f o r  bo th  t h e  f i r s t  and 

second t a n g e n t i a l  modes. 

Pay c l o s e  a t t e n t i o n  t o  arrangement of inpu t  ca rds  
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4.3,  I l l u s t r a t i v e  Design Problems ( con t . )  

Example 11: Nonlinear Combustion Response Analysis  

For t h i s  case, t h e  f i r s t  t a n g e n t i a l  mode w i l l  be  examined 

using a deadband n o n l i n e a r  element. I n  a d d i t i o n  t o  t h e  above i n j e c t o r  d a t a ,  

t h e  fol lowing a d d i t i o n a l  information w i l l  b e  used: 

= 1.0 P 

TFLP = 1.0 
00 

The d a t a  package i s  shown i n  Table 9 and t h e  output  is  shown 

i n  Table 12. 
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5. STABILIZATION DEVICES 

I n  a s e n s e ,  any combustion system f o r  a rocke t  engine is  p o t e n t i a l l y  

uns t ab le .  It may even be t r u e  t h a t  a l l  high-performing systems r e q u i r e  some 

measure of supplemental  damping bes ides  t h a t  a f fo rded  by t h e  nozzle .  This  

view is  emphasized by t h e  i l l u s t r a t i v e  problems p resen ted  i n  Sec t ion  3,  where 

only t h e  e x o t i c  designs w e r e  manageable s o l e l y  by c o n t r o l l i n g  t h e  i n j e c t o r  

p a t t e r n  and t h e  nozzle  admit tance,  and t h e s e  only a t  t h e  expense of a poten- 

t i a l  deg rada t ion  i n  performance. 

S t a b i l i z a t i o n  devices  have been employed i n  a l l  major systems s i n c e  

t h e  second g e n e r a t i o n  b a l l i s t i c  missiles. 

des igne r ,  t h e r e f o r e ,  n o t  as a c r u t c h  t o  a workable system t h a t  has  e x h i b i t e d  

a l a t e n t  d e f e c t ,  b u t  as an  e s s e n t i a l  component which s u p p l i e s  s t a b i l i t y  i n  t h e  

s a m e  way t h a t  t h e  i n j e c t o r  s u p p l i e s  p r o p e l l a n t s  and t h e  nozz le  s u p p l i e s  t h r u s t .  

They should be viewed by t h e  

B a f f l e s  are t h e  s t a b i l i z e r  most f r e q u e n t l y  employed because they 

are r e l a t i v e l y  s imple t o  design and can b e  i n s t a l l e d  i n  a system a l r e a d y  

ope ra t ing  wi thou t  major redesign.  The only s i g n i f i c a n t  alternative t o  b a f f l e s  

i s  t h e  a c o u s t i c  l i n e r .  Compared t o  b a f f l e s ,  t h i s  dev ice  i s  r e l a t i v e l y  new, 

and wh i l e  t h e o r e t i c a l l y  q u i t e  f e a s i b l e ,  has  n o t  been u t i l i z e d  as e x t e n s i v e l y ,  

Moreover, i t  has  t h e  disadvantage w i t h  r e s p e c t  t o  e x i s t i n g  systems of r equ i r -  

i n g  i n c l u s i o n  i n  t h e  o r i g i n a l  design b e f o r e  t h e  chamber geometry, f a b r i c a t i o n  

technique , and cool ing system have become f i x e d .  

The ba lance  of Sec t ion  5 is  a d e t a i l e d  review of t h e  s ta te-of- the-  

a r t  as i t  relates t o  b a f f l e s  and l i n e r s .  
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3 - Radial 4 - Radia 5 - Radial 

5 - Radial wi th  Hub "Egg Crate" I r regular  

(a1 BLADE ARRANGEMENT 

(b) BLADE SHAPES 

F i g u r e  23 -- B a f f l e  Shapes and Blade Arrangements 
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5 ,  S t a b i l i z a t i o n  Devices (cont . )  

5.1 BAFFLES 

There are innumerable b a f f l e  c o n f i g u r a t i o n s  p o s s i b l e ,  no t  a l l  of 

which can b e  covered i n  t h i s  t e x t .  Therefore ,  emphasis i s  placed on under- 

s t and ing  t h e  underlying p r i n c i p l e s  of b a f f l e  design i n  o r d e r  t h a t  t h e  des igne r  

b e  a b l e  t o  extend t h e  b a s i c  cnncepts of b a f f l e  des ign  t o  new and o r i g i n a l  

designs.  

5.1.1 P r i n c i p l e s  Governing B a f f l e  Design 

I n j e c t o r - f a c e  b a f f l e s  are intended as a damping device f o r  t h e  high 

frequency modes of i n s t a b i l i t y  r e f e r r e d  t o  i n  Sec t ion  3 as t h e  t r a n s v e r s e  

modes and are c h a r a c t e r i z e d  by a c o u s t i c  o s c i l l a t i o n  p a r a l l e l  t o  t h e  i n j e c t o r  

f ace .  I n  a c y l i n d r i c a l  chamber, t h e  a c o u s t i c  p r e s s u r e  and v e l o c i t y  vary i n  

both t h e  r a d i a l  and c i r c u m f e r e n t i a l  d i r e c t i o n s  f o r  t h e  t a n g e n t i a l  modes and 

only i n  t h e  r a d i a l  d i r e c t i o n  f o r  t h e  r a d i a l  modes. 

The t a n g e n t i a l  modes of i n s t a b i l i t y  can b e  f u r t h e r  d iv ided  i n t o  

spinning modes, which are t h e  r e s u l t  of a s i n g l e  p r e s s u r e  wave t r a v e l i n g  

t a n g e n t i a l l y  i n  e i t h e r  a clockwise o r  counterclockwise d i r e c t i o n  and a cor- 

responding v e l o c i t y  p e r t u r b a t i o n  i n  phase wi th  t h e  p r e s s u r e ,  o r  s t and ing  modes, 
90" 

which c o n s i s t  of two coun te r - ro t a t ing  waves wi th  t h e  v e l o c i t y  p e r t u r b a t i o n  - n 
ou t  of phase wi th  t h e  p r e s s u r e  i n  space dimensions. 

The a d d i t i o n  of b a f f l e s  t o  a rocke t  engine prevents  continuous 

motion of t h e  gas p a r t i c l e s  i n  a t a n g e n t i a l  d i r e c t i o n  because t h e  b a f f l e ,  

extending r a d i a l l y  outward as shown i n  F igu re  23, i n t roduces  a boundary condi- 

t i o n  incompatible  wi th  t h e  spinning t a n g e n t i a l  mode. Therefore ,  i t  i s  t h e  

l a t te r  class of t a n g e n t i a l  i n s t a b i l i t y ,  along wi th  t h e  r a d i a l  modes, t h a t  are 

of major concern i n  t h e  design of b a f f l e s .  
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5.1, B a f f l e s  (cont . )  

The s t a n d i n g  t a n g e n t i a l  and t h e  r a d i a l  modes of i n s t a b i l i t y  are 

dep ic t ed  i n  F igu re  2 4 ,  which shows t h e  p a r t i c l e  pa ths  and. t h e  p r e s s u r e  a n t i -  

nodes f o r  t h e  t a n g e n t i a l  and r a d i a l  modes of t h e  f i r s t  and second o rde r .  

Also shown are t h e  t h r e e  most common combined t r a n s v e r s e  modes: t h e  f i r s t  

t a n g e n t i a l - f i r s t  r a d i a l ;  f i r s t  t a n g e n t i a l  - second r a d i a l ;  and second 

t a n g e n t i a l  - f i r s t  r a d i a l  modes. 

A number of r e fe rences*  d i s c u s s  t h e  pure t r a n s v e r s e  modes, as w e l l  

as t h e  combined t a n g e n t i a l  and r a d i a l  modes. I n  g e n e r a l ,  t h e  p r i n c i p l e s  of 

design f o r  b a f f l e s  t o  damp t h e  pure t r a n s v e r s e  modes apply equa i ly  w e l l  f o r  

t h e  combined modes. 

Of major concern i n  t h e  des ign  of an  e f f e c t i v e  b a f f l e  is  t h e  loca- 

t i o n  of t h e  b a f f l e s  re la t ive t o  t h e  p a r t i c l e  p a t h s ,  s i n c e  t h e  b a f f l e s  cons t i -  

t u t e  an o b s t r u c t i o n  t o  p a r t i c l e  motion. 

concerning t h e  t a n g e n t i a l  modes t h a t  can b e  h e l p f u l  i n  understanding b a f f l e  

design. For example, w i t h  t h e  except ion of t h e  f i r s t  t a n g e n t i a l  mode t h e  

transverse v e l o c i t y  a t  t h e  c e n t e r  of t h e  i n j e c t o r  i s  zero.  I n  g e n e r a l ,  as t h e  

t a n g e n t i a l  modes become of h i g h e r  o r d e r ,  t h e  major motions and p r e s s u r e  varia- 

t i o n s  of t h e  gas p a r t i c l e s  are l i m i t e d  t o  t h e  o u t e r  circumference of t h e  

chamber. This c h a r a c t e r i s t i c  becomes important  i n  cons ide r ing  placement of 

b a f f l e s  t o  suppres s  t h e  h i g h e r  o r d e r  modes. A second c o n s i d e r a t i o n  i s  t h a t  

each mode has  i ts  c h a r a c t e r i s t i c  p a t t e r n  of p r e s s u r e  and v e l o c i t y  g r a d i e n t s .  

The p a t t e r n  of t h e  s p e c i f i c  mode f o r  which c o r r e c t i o n  is  r e q u i r e d  should b e  

analyzed i n  dec id ing  on t h e  placement of t h e  b a f f l e s  because what may suppress  

a t a n g e n t i a l  mode of one o r d e r  may n o t  b e  e f f e c t i v e  a g a i n s t  modes of h i g h e r  

( o r  lower) o rde r .  (Cf F igu re  10 ,  Page 46 and d i s c u s s i o n  pp 43  f f . )  

There are a few g e n e r a l  comments 

*See General ReTerences, Page 233 
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5.1, B a f f l e s  (cant,) 

I n  t h e  case of t h e  pure r a d i a l  modes, t h e  v e l o c i t y  p e r t u r b a t i o n s  

are l i m i t e d  t o  t h e  r a d i a l  d i r e c t i o n ,  w i t h  t h e  a x i s  of symmetry being t h e  

chamber a x i s  a t  t h e  c e n t e r  of t h e  i n j e c t o r  and aga in ,  as i n  t h e  case of t h e  

t a n g e n t i a l  modes of h i g h e r  than t h e  f i r s t  o r d e r ,  no v e l o c i t y  p e r t u r b a t i o n s  

occur a t  t h e  c e n t e r  of t h e  i n j e c t o r .  The o r d e r  of a r a d i a l  mode i s  determined 

by t h e  number of v e l o c i t y  an t inodes ,  as shown i n  Figure 24. 

The several s t a b i l i z i n g  e f f e c t s  a t t r i b u t e d  t o  b a f f l e s  can each be 

r e l a t e d  t o  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  b a f f l e ,  such as b a f f l e  compart- 

ment s i z e ,  b a f f l e  placement, and b a f f l e  l eng th .  However, i t  cannot b e  shown 

conc lus ive ly  i n  which way t h e  b a f f l e  produces i ts  major s t a b i l i z i n g  e f f e c t ,  

because each e f f e c t  is  improved by a l t e r i n g  t h e  s a m e  p h y s i c a l  dimensions of 

s h e  b a f f l e .  

The mechanisms suggested by which b a f f l e s  e f f e c t  damping f a l l  i n t o  

t h r e e  c a t e g o r i e s :  (1) p r o t e c t i o n  of t h e  s e n s i t i v e  flame reg ion  (2) phase 

s t a b i l i z a t i o n ,  ( 3 )  and g a i n  s t a b i l i z a t i o n ,  o r  i nc reased  damping. By p r o t e c t -  

i ng  ;he s e n s i t i v e  flame reg ion  i t  i s  p o s t u l a t e d  t h a t  b a f f l e s  make t h e  

precombustion processes  (e .g . ,  mixing and v a p o r i z a t i o n )  less s e n s i t i v e  t o  

p e r t u r b a t i o n s .  Phase s t a b i l i z a t i o n  r e s u l t s  from s i g n i f i c a n t  changes i n  

resonant  a c o u s t i c  modes of t h e  combustion chamber s o  t h a t  t h e  s e n s i t i v e  

f r equenc ie s  a s s o c i a t e d  wi th  t h e  combustion process  are n o t  i n  resonance wi th  

t h e  chamber modes. Two mechanisms have been adduced as t h e  cause of gain 

s t a b i l i z a t i o n ,  o r  i nc reased  damping: a d d i t i o n a l  viscous l o s s e s  r e s u l t i n g  from 

t h e  inc reased  s u r f a c e  area introduced by t h e  b a f f l e s ;  and t h e  s c a t t e r i n g  of 

energy i n t o  o t h e r  modes t h a t  are e a s i l y  damped. The former i s  considered a 

second o rde r  e f f e c t ,  

5.1.2 B a f f l e  Geometry 

I n  t h e  des ign  of an e f f e c t i v e  b l a d e  arrangement i t  i s  necessary t o  

provide a l o g i c a l  b a s i s  f o r  t h e  s e l e c t i o n  of t h e  minimum o r  t h e  maximum number 
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5.1, B a f f l e s  ( con t . )  

of b a f f l e  b l ades  o r  hubs,  and whether a symmetric o r  asymmetric b l a d e  arrange- 

ment should b e  used. Each of t h e s e  is d i scussed  i n  t h e  following. 

The optimum number of b l ades  f o r  any b a f f l e  c o n f i g u r a t i o n  depends 

p r i m a r i l y  on t h e  mode of i n s t a b i l i t y  t o  which t h e  system i s  most s u s c e p t i b l e .  

For example, cons ide r  t h e  f i r s t  t a n g e n t i a l  mode i l l u s t r a t e d  i n  F igu re  24. Of 

t h e  t h r e e  mechanisms by which b a f f l e s  are p o s t u l a t e d  t o  produce s t a b i l i t y ,  

phase s t a b i l i z a t i o n  and g a i n  s t a b i l i z a t i o n  are a f f e c t e d  by t h e  number of b l ades .  

The phase and g a i n  s t a b i l i z i n g  c h a r a c t e r i s t i c s  depend upon t h e  

b a f f l e  system a l t e r i n g  t h e  a c o u s t i c s  p r o p e r t i e s  of t h e  combus,tion chamber by 

i n t e r f e r i n g  w i t h  o r  a l t e r i n g  t h e  p a r t i c l e  paths .  Re fe r r ing  t o  F igu re  25a, t h e  

s e l e c t i o n  f o r  a symmetrical  b a f f l e  c o n f i g u r a t i o n  t o  damp a f i r s t  t a n g e n t i a l  

mode would b e  a three-bladed b a f f l e .  It i s  a l s o  apparent  from F igure  25a t h a t  

a one- o r  two-bladed b a f f l e  could,  a t  t h e  most, only cause t h e  mode t o  s t a n d  

i n  t h e  b a f f l e  c a v i t y  w i t h  t h e  v e l o c i t y  an t inodes  l o c a t e d  90" from t h e  b a f f l e .  

The same reasoning a p p l i e d  t o  a second t a n g e n t i a l  mode as dep ic t ed  i n  

Figure 25b i n d i c a t e s  t h a t  a symmetrical  three-bladed b a f f l e  would b e  e f f e c t i v e  

and t h a t  t h e  two- and one-bladed b a f f l e  would n o t  be.  Not as obvious b u t  

equa l ly  t r u e ,  a symmetrical  four-bladed b a f f l e  would have l i t t l e  o r  n o t  e f f e c t  

because t h e  mode can b e  contained w i t h i n  t h e  b a f f l e  c a v i t y  wi th  t h e  v e l o c i t y  

ant inodes l o c a t e d  45" from t h e  b a f f l e  r a d i a l  l e g s .  

Extension of t h e s e  c o n s i d e r a t i o n s  t o  t h e  h i g h e r  o r d e r  t a n g e n t i a l  

modes l eads  t o  t h e  g e n e r a l i z a t i o n  t h a t  a r a d i a l  b a f f l e  system having an odd 

number of b l a d e s  (with t h e  excep t ion  of a s i n g l e  b l ade )  would o f f e r  protec-  

t i o n  from modes which are of t h e  o r d e r  less than  t h e  number of b l ades  and, t o  

some degree,  p r o t e c t i o n  from modes of an o r d e r  h i g h e r  than t h e  number of 

b l ades  provided t h e  o r d e r  of t h e  mode d iv ided  by t h e  number of b l ades  is  n o t  

equa l  t o  an i n t e g e r .  This then g ives  t h e  des igne r  a c r i t e r i o n  f o r  t h e  minimum 

number of b l ades  r equ i r ed  i n  t h e  case of a symmetrical  b a f f l e  system. 
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5.1 B a f f l e s  (cont . )  

The g e n e r a l i z a t i o n  p rev ious ly  made only i n d i c a t e s  t h e  minimum 

number of b l ades  r e q u i r e d ,  b u t  i n d i c a t e s  nothing concerning t h e  optimum number 

of b l ades  t o  maximize damping and changing of chamber r e sonan t  f r equenc ie s .  

For example, i n  t h e  case of T i t a n  111, Stage I, s a t i s f a c t o r y  s t a b i l i z a t i o n  

wi th  r e s p e c t  t o  t h e  1 T  mode w a s  reached o n l y ' w i t h  a 7-blade b a f f l e .  Some 

r e s i s t a n c e  t o  t h e  1 T  and 2T modes w a s  e x h i b i t e d  by a 5-blade b a f f l e ,  b u t  n o t  

enough t o  meet program requirements.  For t h i s  i n fo rma t ion  as t o  t h e  most 

e f f e c t i v e  c o n f i g u r a t i o n  w e  must t u r n  t o  experimental  d a t a  on t h e  e f f e c t s  of 

b a f f l e  pocket s i z e .  

5.1.3 Design Optimizat ion 

Of i n t e r e s t  t o  t h e  i n j e c t o r  des igne r  i s  t h e  trade-off between b a f f l e  

l e n g t h  and compartment s i z e  

t r a n s f e r ,  performance, system p r e s s u r e  drop and c o m p a t i b i l i t y .  There are 

l i t t l e  q u a n t i t a t i v e  d a t a  a v a i l a b l e ;  however, what are a v a i l a b l e  i n d i c a t e  t h a t ,  

as might b e  expected,  as t h e  o r d e r  of t h e  mode approaches t h e  number of b a f f l e s ,  

t h e  trade-off becomes q u i t e  s i g n i f i c a n t  i n  terms of g a i n  s t a b i l i z a t i o n ,  as can 

b e  seen from F igure  26. 

because of system c o n s i d e r a t i o n s  such as h e a t  

These d a t a ,  which are summarized i n  F igu re  27, relate t o  t h e  f i r s t  

t a n g e n t i a l  mode and are c o n s i s t e n t  w i t h  what would b e  expected. The boundary 

between t h e  s t a b l e  and u n s t a b l e  r eg ions  appears t o  be approaching asymptotic- 

a l l y  a h o r i z o n t a l  l i n e  a t  a v a l u e  of 0.92, which r e p r e s e n t s  a b a f f l e  configura- 

t i o n  having two b lades  which i s  compatible w i t h  t h e  f i r s t  t a n g e n t i a l  mode. 

From t h e  r e s u l t s  shown i n  F igu re  28, dec reas ing  t h e  b a f f l e  c a v i t y  

c h a r a c t e r i s t i c  dimension any f u r t h e r  may, i n  f a c t ,  prove de t r imen ta l .  Where 

t h e  wave l e n g t h  ( A )  i s  determined by t h e  frequency of t h e  f i r s t  t a n g e n t i a l  

mode ( i . e , ,  A = c / f )  t h e  c h a r a c t e r i s t i c  c a v i t y  dimension (w) is t h e  
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5.1, B a f f l e s  (cont . )  

c i r c u m f e r e n t i a l  d i s t a n c e  between b a f f l e  l e g s  a t  t h e  chamber w a l l .  Add i t iona l  

support  f o r  t h i s  conclusion can b e  found i n  Figures  29 and 30 where t h e  degree 

of both g a i n  and phase s t a b i l i z a t i o n  -- as i n d i c a t e d  from a c o u s t i c  tests -- 
w a s  not  s i g n i f i c a n t l y  a l t e r e d  f o r  t h e  f i r s t  t a n g e n t i a l  mode by going from a 

five-bladed symmetrical  b a f f l e  w/X = 0.37) t o  a seven bladed b a f f l e  (w/X = 0.26). 

1 
P 

F igu re  28 -- E f f e c t  of B a f f l e  Spacing on F i r s t  Tangent ia l  Mode 
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5.1, B a f f l e s  (cont.)  

The d i s c u s s i o n  thus  f a r  has  been l i m i t e d  t o  t h e  t a n g e n t i a l  modes, 

p r i n c i p a l l y  t h e  f i r s t  t a n g e n t i a l  mode. However, t h e r e  are d a t a  a v a i l a b l e  

which i n d i c a t e  t h a t  s i m i l a r  t r ends  are p r e s e n t  f o r  t h e  h i g h e r  o rde r  t a n g e n t i a l  

modes and t h e  r a d i a l  modes. For t h e  r a d i a l  modes, w is  t h e  maximum dimension 

along t h e  chamber r ad ius .  

A p o s s i b l e  exp lana t ion  of t h e  t r end  which i n d i c a t e s  t h a t  excess ive ly  

s m a l l  b a f f l e  compartments can be d e t r i m e n t a l  i s  found i n  consider ing t h e  l i m i t -  

i n g  cese  where t h e  b a f f l e  compartments are a series of close-open tubes which 

have c r o s s - s e c t i o n a l  dimensions i n  t h e  o r d e r  of 1/16 wave l eng th .  

case t h e  b a f f l e s  would e x h i b i t  t h e  c h a r a c t e r i s t i c s  of a quarter-wave tube such 

as shown i n  Figure 31 which e x h i b i t s  only narrow band e f f e c t i v e n e s s  (high Q) 

and makes t h e  b a f f l e  l e n g t h  a c r i t i c a l  parameter.  Acoust ic  d a t a  which support  

t h i s  obse rva t ion  can b e  found i n  t h e  work by Wieber which has  been included i n  

For t h i s  

F igu re  32 along wi th  d a t a  from Hannum.* 

hydrogen temperature  a t  which t h e  unba f f l ed  i n j e c t o r  went u n s t a b l e  (T ). 

Wieber d a t a  are normalized by t h e  i n v e r s e  of t h e  decay rate (P / 6  ) f o r  t h e  

unba f f l ed  i n j e c t o r .  Wieber evaluated a four-bladed b a f f l e  and a b a f f l e  con- 

f i g u r a t i o n  which c o n s i s t e d  of an a r r a y  of 65 s o l i d  p o s t s ,  3 inches i n  l e n g t h  

and of va ry ing  diameter.  

i n g  t h e  p o s t s  w a s  determined by s u b t r a c t i n g  t h e  t o t a l  area of t h e  c ros s - sec t ion  

The la t te r  d a t a  are normalized by t h e  

The 
0 

0 0  

The c h a r a c t e r i s t i c  dimensions f o r  t h e  i n j e c t o r  hav- 

of t h e  p o s t s  from t h e  area of t h e  i n j e c t o r  and d i v i d i n g  by 65, t h e  cha rac t e r -  

i s t i c  dimension being t h e  diameter of a c i rc le  having t h i s  area. 

t h i s  method, va lues  f o r  t h e  term w / h  range from 0.05 t o  0.07, which is  i n  t h e  

range of w / h  f o r  t h e  100-compartment egg crate b a f f l e ,  eva lua ted  by Hannurn. 

The two sets of r e s u l t s  i n d i c a t e  t h e  same t r e n d ,  t h a t  t oo  s m a l l  a b a f f l e  

compartment can be de t r imen ta l .  

*l. Wieber, P. R., "Acoustic Decay C o e f f i c i e n t s  of Simulated Rocket 

Applying 

Combustors", L e w i s  Research Center ,  NASA TN D-3425, May 1966. 

of Several I n j e c t o r  Face B a f f l e  Configurat ions on Screech i n  a 20,000 lb -  
Thrust  Hydrogen-Oxygen Rocket", L e w i s  Research Center NASA TN D-4515, 
A p r i l  1968. 

2. Hannum, N. P. Bloomer, H. E . ,  and Goelz, R. R.,  " S t a b i l i z i n g  E f f e c t s  
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5.1, B a f f l e s  (cont . )  

There i s  a t  p r e s e n t  a tendency t o  use symmetrical  b a f f l e s  i n  r o c k e t  

engines.  This i s  p r i m a r i l y  because of t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  feed- 

i n g  coo lan t s  t o  an asymmetric b a f f l e  system from a f e e d  system t h a t  i s  

g e n e r a l l y  symmetric. However, some experimental  work has  been done wi th  

asymmetric b a f f l e s  of t h e  type  shown i n  F igu re  23. Several reasons have been 

s t a t e d  as t o  why an asymmetric b a f f l e  system would b e  s u p e r i o r  t o  a symmetric 

system, a l l  of which S a s i c a l l y  r evo lve  about t h e  i d e a  t h a t  asymmetrically 

placed b a f f l e s  w i l l  "scatter" t h e  energy generated i n  a random manner. 

d a t a  have been accumulated on what could b e  considered a t r u l y  asymmetric 

b a f f l e .  However, some d a t a  are a v a i l a b l e  on c o n f i g u r a t i o n s  i n  which t h e  r a d i a l  

b l ades  of t h e  b a f f l e  have unequal s e c t o r  angles  o r  i n  which t h e  b a f f l e  l e g s  

are d i r e c t e d  i n  o t h e r  t han  a r a d i a l  d i r e c t i o n .  The r e s u l t s  from tests wi th  

u n i t s  of t h i s  t ype  i n d i c a t e  no apparent  s u p e r i o r i t y  f o r  t h i s  t ype  of b a f f l e  

over a symmetrical  b a f f l e  hav ing  t h e  s a m e  number of b a f f l e  b l ades ,  

No 

5.1.4 Blade Design 

One a s p e c t  of b a f f l e  des ign ,  t h e  s i z e  of t h e  b a f f l e  pocket ,  i s  

d i scussed  i n  Sec t ion  5.1.3. The d a t a  accumulated i n d i c a t e  t h a t  r a t i o s  of char- 

acter is t ic  c a v i t y  dimension t o  wave l e n g t h  i n  t h e  o r d e r  of 0.20 is d e s i r a b l e ,  

where t h e  wave l e n g t h  is based on t h e  frequency of t h e  u n s t a b l e  mode and t h e  

c h a r a c t e r i s t i c  dimension is de f ined  as t h e  average of t h e  maximum circum- 

f e r e n t i a l  dimension of each of t h e  b a f f l e  c a v i t i e s  f o r  t h e  t a n g e n t i a l  modes of 

i n s t a b i l i t y  o r  t h e  average of t h e  maximum r a d i a l  dimensions of t h e  b a f f l e  

cavities f o r  t h e  r a d i a l  modes. 

It i s  nex t  necessary t o  determine t h e  optimum b a f f l e  l e n g t h  and 

shape viewed from t h e  s i d e  of t h e  b a f f l e ,  such as shown i n  Figure 23b and, 

f i n a l l y ,  design c o n s i d e r a t i o n s  r e l a t e d  t o  cool ing of t h e  b a f f l e s .  The mean 

b a f f l e  h e i g h t  is de f ined  by 
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5.1,  B a f f l e s  (cont . )  

Eq.  27  

f o r  t h e  t a n g e n t i a l  modes. 

b a f f l e  l e n g t h  and is reasonab le  f o r  t h e  c o n f i g u r a t i o n s  discussed.  

s i g n i f i c a n t  d e v i a t i o n  from a b a f f l e  system i n  which t h e  b l ades  do n o t  extend 

t o  t h e  c e n t e r  of t h e  chamber w i l l  r e q u i r e  some judgement i n  s p e c i f y i n g  t h e  

b a f f l e  h e i g h t  s i n c e ,  i n  t h e  case of t h e  t a n g e n t i a l  modes, b a f f l e  h e i g h t  a t  

t h e  w a l l  of t h e  chamber is more e f f e c t i v e  i n  i n c r e a s i n g  phase and ga in  

s t a b i l i z a t i o n .  This  is because t h e  major p o r t i o n  of t h e  gas motion i n  

t a n g e n t i a l  modes occurs  near t h e  chamber w a l l s .  This  gas motion becomes more 

concen t r a t ed  a t  t h e  chamber w a l l  as t h e  o r d e r  of t h e  mode i n c r e a s e s ,  which 

would i n d i c a t e  t h a t  t h e  e f f e c t i v e  h e i g h t  may change, depending on t h e  mode 

being considered.  

This d e f i n i t i o n  is. used throughout i n  d e f i n i n g  

However, 

On t h e  evidence of a c o u s t i c s  as r ep resen ted  i n  F igu re  29, i t  i s  

i n d i c a t e d  t h a t  t h e  b a f f l e  l eng th  has  t h e  maximum e f f e c t  on ga in  as t h e  r a t i o  

of t h e  b a f f l e  h e i g h t  t o  t h e  chamber diameter approaches 0.10. Inc reas ing  t h i s  

r a t i o  t o  0.30 adds only 25% t o  t h e  damping, o r  t h e  rate of i n c r e a s e  i n  damping 

is reduced by a h a l f ,  and from t h i s  p o i n t  very l i t t l e  i n c r e a s e  i n  damping is  

r e a l i z e d .  S i m i l a r  t r e n d s  have been noted i n  test f i r i n g  d a t a ,  which are a l s o  

p re sen ted  i n  F igu re  29. 

However, a word of c a u t i o n  i s  warranted. Consider t h e  feedback 

mechanisms such as those  proposed by Dykema and P r i e m ,  d i scussed  i n  Appendix A. 

Response curves from t h e s e  mechanisms are t y p i c a l l y  of t h e  shape dep ic t ed  i n  
Figure 3 3 .  It can b e  deduced t h a t ,  i f  t h e  unba f f l ed  resonance of t h e  chamber 

is t o  t h e  l e f t  of t h e  peak response,  i n c r e a s i n g  t h e  b a f f l e  l eng th  w i l l  indeed 

i n c r e a s e  t h e  s t a b i l i t y  of t h e  system i n  both a phase and ga in  s t a b i l i z i n g  

manner. However, i f  t h e  unba f f l ed  resonance is  t o  t h e  r i g h t  of t h e  peak 
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5.1, B a f f l e s  (cont . )  

response of t h e  c o n t r o l l i n g  feed- 

back mechanism and i f  t h e  rate of 

i n c r e a s e  i n  g a i n  f o r  t h i s  mechanism 

as a f u n c t i o n  of frequency i s  

g r e a t e r  t han  t h e  damping i n c r e a s e  

due t o  i n c r e a s i n g  t h e  b a f f l e  l eng th ,  

t h e  system w i l l  become less s t a b l e .  

The r e l a t i o n s h i p  of 

i n j e c t o r  element design t o  t h e  

e f f e c t i v e n e s s  of a g iven  b a f f l e  can 

b e  found i n  t h e  d a t a  ob ta ined  from 

GEMSIP where both a seven and a 

five-bladed b a f f l e  c o n f i g u r a t i o n ,  

having t h e  a c o u s t i c  c h a r a c t e r i s t i c s  

C O M B  US T I  O N  R E S P O N S E  

-\ FREQUENCY 

Figure 33 -- Combustion Response 

i n d i c a t e d  i n  F igu res  29 and 30, e x h i b i t e d  dynamically s t a b l e  combustion char- 

acteristics when t e s t e d  w i t h  a coa r se  i n j e c t o r  p a t t e r n .  This  same configura- 

t i o n ,  when t e s t e d  w i t h  a f i n e  i n j e c t o r  p a t t e r n ,  f a i l e d  t o  s t a b i l i z e  combustion. 

This shows t h e  n e c e s s i t y  f o r  cons ide r ing  t h e  i n j e c t o r  p a t t e r n  c h a r a c t e r i s t i c s  

i n  t h e  design of t h e  b a f f l e s .  The des igne r  must i n  h i s  s e l e c t i o n  of an 

i n j e c t o r - b a f f l e  system use  an a n a l y t i c a l  technique such as d i scussed  i n  

Sec t ion  3.1 t o  determine, as a minimum, t h e  s e n s i t i v e  frequency range of h i s  

cand ida te  p a t t e r n s ,  and e v a l u a t e  how t h e  b a f f l e s  w i l l  a l ter  t h e  chamber 

resonances re la t ive t o  t h e  e s t ima ted  s e n s i t i v e  frequency. Although t h i s  tech- 

nique w i l l  n o t  n e c e s s a r i l y  i n s u r e  t h e  des ign  of a s t a b l e  system, i t  w i l l  

minimize t h e  amount of development work r equ i r ed .  

Consider now t h e  s t a b i l i z i n g  a s p e c t  of a b a f f l e  a t t r i b u t e d  t o  pro- 

t e c t i o n  of t h e  s e n s i t i v e  flame zone. This  mechanism w a s  p o s t u l a t e d  from 

obse rva t ion  of t h e  combustion process  i n  a t r a n s p a r e n t  t h r u s t  chamber. I n  

t h e s e  experiments i t  w a s  noted t h a t  a c e r t a i n  l e n g t h  of b a f f l e  w a s  r e q u i r e d  t o  
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5.1,  B a f f l e s  (cont.)  

minimize t h e  i n t e r a c t i o n  between a d j a c e n t  streams of p r o p e l l a n t s  when per- 

turbed by a bomb, From t h e  obse rva t ions  i t  w a s  concluded t h a t  b a f f l e  l e n g t h s  

which covered 70 t o  80% of t h e  combustion zone were most e f f e c t i v e  i n  reducing 

stream i n t e r a c t i o n .  Add i t iona l  support  can be found f o r  t h i s  mechanism i n  t h e  

d a t a  p re sen ted  by Hefner* where h e  p o s t u l a t e d  t h a t  t h e  i n i t i a l  h igh  decay ra te  

wi th  b a f f l e  l e n g t h  measured from test f i r i n g  d a t a  (Figure 3 4 )  w a s  s i g n i f i c a n t l y  

g r e a t e r - t h a n  t h a t  measured i n  a c o u s t i c  tests a t  room temperature  and t h e r e f o r e  

could be a t t r i b u t e d  t o  t h e  concept of f lame zone p r o t e c t i o n .  From t h e  d a t a  

a v a i l a b l e  it is  apparent  t h a t  s e l e c t i o n  of a b a f f l e  l e n g t h  t h a t  produces t h e  

optimum phase and g a i n  s t a i b l i z i n g  e f f e c t s  should l i kewise  be s u f f i c i e n t  t o  

s a t i s f y  t h e  b a f f l e  l e n g t h  c r i t e r i o n  f o r  t h e  flame zone p r o t e c t i o n  concept,  

s i n c e  t h e  major p o r t i o n  of t h e  combustion occurs w i t h i n  two t o  t h r e e  inches of 

t h e  face.  This  c r i t e r i o n  of flame zone p r o t e c t i o n  may n o t  b e  s a t i s f i e d  f o r  

s m a l l  d iameter  chambers. However, where b a f f l e s  have been s e l e c t e d  f o r  s m a l l  

engines on t h e  b a s i s  of t h e  phase and g a i n  s t a b i l i z a t i o n  cr i ter ia ,  success  has  

been poss ib l e .  

and t h e  i n j e c t o r  p a t t e r n s  w e r e  very f i n e .  

I n  t h e s e  cases t h e  b a f f l e  l eng ths  were i n  t h e  o r d e r  of 1 / 4  inch 

Data on t h e  a c o u s t i c  e f f e c t s  of b a f f l e  shape are l i m i t e d  t o  t h a t  

r epor t ed  by Wieber** and o t h e r s .  I n  t h e  case of t h e  Wieber d a t a ,  t h e  change 

i n  b a f f l e  shape w a s  t h e  r e s u l t  of a change i n  t h e  contour of t h e  i n j e c t o r  f ace .  

The test r e s u l t s  are n o t  conc lus ive  because t h e  v a r i a t i o n  i n  the  contour  of 

t h e  i n j e c t o r  f a c e  i t s e l f  has  a s i g n i f i c a n t  e f f e c t  on t h e  decay rates measured, 

making t h e  e f f e c t  of b a f f l e  shape d i f f i c u l t  t o  i n t e r p r e t .  However, t h e  r e s u l t s  

do i n d i c a t e  t h a t  based on t h e  average h e i g h t ,  as determined using t h e  r e l a t i o n -  

s h i p  given by Equation 27, t h e  b a f f l e  i s  more e f f e c t i v e ,  

*Hefner, R. J., "A Review of t h e  Combustion Dynamics A s p e c t s  of t h e  Gemini 
S t a b i l i t y  Improvement Program", Second Combustion Conference, CPIA 
P u b l i c a t i o n  105, Volume 1, pp 13-22, May 1966. 

**Wieber, op c i t .  
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5.1, B a f f l e s  (cont . )  

The same t r e n d  is i n d i c a t e d  i n  t h e  case of t h e  d a t a  from GEMSIP. 

However, t h e  v a r i a t i o n s  i n  t h e  b a f f l e  shape are n o t  s i g n i f i c a n t ,  making corre-  

l a t i o n s  between t h e  b a f f l e  shape and t h e  damping c h a r a c t e r i s t i c s  imprac t i ca l .  

Add i t iona l  work i n  t h i s  area is  requ i r ed .  The t r e n d s  i n d i c a t e d  are c o n s i s t e n t  

w i th  t h e  obse rva t ion  made ear l ier  t h a t  t h e  major gas motion f o r  t h e  t a n g e n t i a l  

modes occur  a t  t h e  chamber w a l l .  This  e f f e c t  becomes more n o t i c e a b l e  f o r  t h e  

h i g h e r  o r d e r  modes. 

The e f f e c t i v e n e s s  of r a d i a l  b a f f l e s  extending approximately 1 / 3  t h e  

chamber r a d i u s  from t h e  chamber w a l l  has  been demonstrated by Moberg w i t h  a 

1750-lb-thrust  engine. I n  t h i s  demonstration, dynamic s t a b i l i t y  w a s  n o t  

evaluated.  

From t h e  d i s c u s s i o n  and d a t a  p re sen ted  t h e  fol lowing g e n e r a l  r u l e s  

can b e  used i n  designing a b a f f l e .  

1. An odd number of b a f f l e  b l ades  is b e s t  f o r  t h e  

t a n g e n t i a l  modes. The o r d e r  of t h e  mode d iv ided  

by t h e  number of b l ades  should n o t  b e  an i n t e r g e r .  

2. For t h e  r a d i a l  modes, hubs l o c a t e d  a t  t h e  v e l o c i t y  

an t inodes ,  i n d i c a t e d  i n  F igu re  25, are b e s t .  The 

minimum number of hubs r e q u i r e d  is  equa l  t o  t h e  

order-of-the-mode ( i . e . ,  1st r a d i a l  r e q u i r e s  one 

hub). 

3. Making t h e  b a f f l e  compartments t o o  s m a l l  may b e  

d e t r i m e n t a l .  A b a f f l e  c h a r a c t e r i s t i c  c a v i t y  

dimension (w) i n  t h e  range 0.4 > - < 0.2 where 

X = - appears  t o  b e  most d e s i r a b l e .  

W 

A -  
C 

f 
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5.1, B a f f l e s  (cont . )  

4 .  Rat ios  of b a f f l e  l e n g t h  t o  chamber diameter  i n  t h e  

range of 0.2 t o  0.3 appear t o  be optimum. 

An example is  g iven  t o  show how a des igne r  a p p l i e s  t h e s e  r u l e s .  

Example 1 2 :  Design B a f f l e  t o  Suppress Transverse Mode 

Assume t h a t  t h e  i n j e c t o r  p a t t e r n  and p r o p e l l a n t  combination has 

been found t o  have i t s  g r e a t e s t  frequency s e n s i t i v i t y  ( i . e . ,  peak response)  a t  

3400 Hz. This  va lue  f o r  f s  may have been determined a n a l y t i c a l l y  from 

Sec t ion  3 o r  experimental ly  from test d a t a  such as obtained from t h e  t r a n s v e r s e  

e x c i t a t i o n  chamber d i scussed  i n  Sec t ion  6. 

I n s e r t i n g  t h i s  frequency (f,) i n t o  t h e  wave equa t ion  t o g e t h e r  w i th  

t h e  speed of sound (a )  f o r  t h e  combustion gases(approximate1y 3000 f t / s e c  f o r  

H /O ) o n e  can c a l c u l a t e  t h e  wave l e n g t h  ( A ) .  2 2  

a A = - - =  1.5 f t  
f S  

Assuming t h a t  t h e  chamber diameter i s  10.4 i n . ,  t h e  frequency of 3400 Hz cor- 

responds t o  t h e  f i r s t  t a n g e n t i a l  mode. 

From Recommendation 3 the b a f f l e  spacing,  w ,  should b e  i n  t h e  range 

of 3.6 i n .  t o  7.2 i n .  Since w f o r  t h e  f i r s t  t a n g e n t i a l  mode is t h e  circum- 

f e r e n t i a l  d i s t a n c e  between t h e  r a d i a l  b a f f l e  l e g s ,  t h i s  y i e l d s  a minimum of 

5 and a maximum of 9 f o r  t h e  number of b a f f l e s .  I n  accordance wi th  

Recommendation 1 an odd number of b a f f l e s  i s  adv i sab le .  A nominal v a l u e  of 

seven appears t o  be a reasonable  choice.  

h e i g h t  should b e  between 2 i n .  and 3 i n .  

From Recommendation 4 t h e  b a f f l e  
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5.1, B a f f l e s  ( con t . )  

5,1.5 Other Design Considerat ions 

I n  a d d i t i o n  t o  t h e  s t a b i l i z i n g  e f f e c t s  of b a f f l e s ,  c o n s i d e r a t i o n  

must b e  given t o  such f a c t o r s  as methods f o r  b a f f l e  cool ing,  t h e  e f f e c t  t h a t  

t h e  b a f f l e  w i l l  have on performance, and t h e  magnitude of t h e  system p r e s s u r e  

l o s s e s  t h a t  can be a t t r i b u t e d  t o  t h e  a d d i t i o n  of b a f f l e s .  Detail considera- 

t i o n  of each of t h e s e  f a c t o r s  i s  beyond t h e  scope of t h i s  guide and i s ,  i n  

g e n e r a l ,  i n f luenced  by t h e  i n j e c t o r  systems i n  which t h e  b a f f l e s  are t o  b e  

i n s t a l l e d .  However, some d i s c u s s i o n  i s  warranted. 

The e f f e c t  of b a f f l e s  on t h e  performance of r o c k e t  engines  has  

never been documented i n  t h e  open l i t e r a t u r e ;  however, l i m i t e d  d a t a  are 

a v a i l a b l e  f o r  a few engine systems and they are summarized i n  Table 1 3  below. 

Table 13 -- E f f e c t  of B a f f l e s  on Engine Performance 

Sys t e m  

A t l a s  

Thor 

F- 1 
H- 1 

T i t a n  

T i t a n  

Change i n  S p e c i f i c  
Impulse ( sec )  

-0.3 

+1.1 

+5.3 

-0.5 

-0.9 (Stage I) 
+5.0 (Stage 11) 

Though t h e s e  d a t a  would seem t o  i n d i c a t e  t h a t  t h e r e  is no s i g n i f i -  

can t  performance l o s s  a t t e n d a n t  t o  t h e  a d d i t i o n  of b a f f l e s  t o  t h e  i n j e c t o r ,  

t h i s  conclusion must b e  tempered by t h e  p r o b a b i l i t y  t h a t  t h e  i n j e c t o r  p a t t e r n  

w a s  a l t e r e d  during t h e  process .  

system would be considerably less s u s c e p t i b l e  t o  i n s t a b i l i t y ,  t h e  i n j e c t o r  

Since,  w i th  t h e  a d d i t i o n  of b a f f l e s ,  t h e  
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5.1, B a f f l e s  ( con t . )  

p a t t e r n  could have been modified t o  produce more e f f i c i e n t  combustion. 

n e t  r e s u l t  would be ve ry  l i t t l e  loss--or perhaps,  even a s m a l l  gain--in perfor-  

mance f o r  t h e  b a f f l e d  system. 

The 

A survey of several engine systems i n d i c a t e s  t h a t  a p rope r ly  

designed, r e g e n e r a t i v e l y  cooled b a f f l e  system w i l l  r e q u i r e  an i n c r e a s e  i n  t h e  

p r o p e l l a n t  f e e d  p r e s s u r e  on t h e  o r d e r  of 7% of t h e  chamber p r e s s u r e  i n  o r d e r  

t o  o p e r a t e  r e l i a b l y .  However, t h i s  is  s t r o n g l y  dependent on t h e  cool ing tech- 

nique used. For example, w i th  t i p - i n j e c t i n g  b a f f l e s ,  t h e  p r e s s u r e  drop i n  

some cases has  t o  b e  maintained a t  t h e  same p r e s s u r e  drop as t h e  matr ix .  

A t  least one set  of experimental  measurements of t h e  thermal environ- 

ment i n  which t h e  b a f f l e  must o p e r a t e  is  a v a i l a b l e ,  as w e l l  as s e v e r a l  r e l a t e d  

articles on s imilar  des ign  problems w i t h  cooled chambers. The most complete 

set  of b a f f l e  design cool,ing d a t a  i s  a r e s u l t  of work performed f o r  GEMSIP. 

This experimental  s tudy  of b l ade  coo l ing  u t i l i z e d  a h i g h l y  instrumented water- 

cooled b a f f l e .  The s i g n i f i c a n t  r e s u l t s  of t h i s  work are p resen ted  i n  

Figures  35 and 36. 

The f i r s t  f i g u r e  gives  what i s  r e f e r r e d  t o  as t h e  c a l o r i m e t r i c  h e a t  

f l u x e s  from t h r e e  s e p a r a t e  tests. The c a l o r i m e t r i c  h e a t  f l u x ,  de f ined  by 

w c  
A 

t p ATs 
Y 

S 
q / A  = Eq. 28 

r e p r e s e n t s  an average h e a t  f l u x  f o r  a series of coo lan t  channels l o c a t e d  a t  

v a r i o u s  d i s t a n c e s  from t h e  i n j e c t o r  face.  The v a l u e s  of h e a t  f l u x  are de te r -  

mined from t h e  bu lk  temperature  rise of t h e  coo lan t  i n  t h e  i n d i v i d u a l  channels. 

T h e . v a r i a t i o n  i n  t h e  h e a t  f l u x  as a f u n c t i o n  of t h e  b a f f l e  l eng th  is  appa ren t ly  

t h e  r e s u l t  of combustion i n t e n s i t y ,  as a f u n c t i o n  of t h e  d i s t a n c e  from t h e  
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Figure  35 -- Calo r ime t r i c  Heat Flux 
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Figure 36 -- Gas Side  Film Coefficient P r o f i l e  
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5.1, B a f f l e s  ( con t . )  

i n j e c t o r  f ace .  

t h e  s t andpo in t  of t h e  des igne r  arises from t h e  comparison of t h e  p r e d i c t e d  gas 

s i d e  f i l m  c o e f f i c i e n t s  based on t h e  s i m p l i f i e d  Bar t z  c o r r e l a t i o n  de f ined  by 

Perhaps t h e  most s i g n i f i c a n t  obse rva t ion  from t h e  d a t a  from 

Eq. 29 - - 
hg (Bartz)  

where : 

S 
T + T  

- 
Tf - 2 

T i s  t h e  s t a t i c  temperature  de f ined  by 
S 

def ined  by ( d a t a )  w i th  t h e  c a l c u l a t e d  f i l m  c o e f f i c i e n t  h 

4 / A  
T - T  rl d a t a  = 
s g ( d a t a )  

P l o t t e d  i n  Figure 36 is t h e  r a t i o  of f i l m  c o e f f i c i e n t s  (H) de f ined  by 

H = h ( d a t a ) / h  (Bartz)  Eq. 30 
g g 

The r e s u l t s  i n d i c a t e  t h a t  t h e  gas-side f i l m  as es t ima ted  by t h e  Bartz  equat ion 

can b e  i n  e r r o r  by as much as 50% on t h e  low s i d e .  It should b e  noted t h a t  no 

f i l m  coo l ing  w a s  used on t h e  experimental  b a f f l e .  

I n  g e n e r a l ,  two methods have been used f o r  coo l ing  b a f f l e s ,  t h e  

f i r s t  being a s ing le -pass  cool ing system i n  which t h e  coo lan t  is discharged 

i n t o  t h e  chamber a t  t h e  t i p s  of t h e  b a f f l e ,  and t h e  second being a double-pass 
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5.1, Ba f f l e s  (cont . )  

system i n  which t h e  coolan t  i s  re turned  through t h e  b a f f l e  t o  t h e  i n j e c t o r  

manifold and e n t e r s  t h e  combustion zone through t h e  i n j e c t o r  o r i f i c e s .  

The method of d i scharg ing  t h e  coolan t  from t h e  t i p  of t he  b a f f l e  

has  been t h e  s u b j e c t  of much d i scuss ion  because i t  could in t roduce  a secondary 

flame f r o n t  downstream of t h e  b a f f l e  and be  de t r imen ta l  t o  s t a b i l i t y .  

development d a t a  have i n  f a c t ,  i nd ica t ed  such a p o s s i b i l i t y ;  however, t o  d a t e  

no conclusive evidence has  been obtained.  

I n j e c t o r  
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5, S t a b i l i z a t i o n  Devices (cont . )  

5 . 2  ACOUSTIC LINERS 

One manner of depressing o r  damping combustion o s c i l l a t i o n  i n  l i q u i d  

rocke t  engines  i s  through t h e  use  of an a c o u s t i c  device based on t h e  classical 

Helmholtz r e sona to r ,  a ske tch  of which is shown i n  Figure 3 7 .  There have 

F igure  37 -- Helmholtz Resonator 

been many a p p l i c a t i o n s  of t h i s  method of s t a b i l i z a t i o n  and much d i scuss ion  i n  

t h e  l i t e r a t u r e  of t h e  theory involved and t h e  experience gained from a v a r i e t y  

of programs. A b ib l iography of important t h e o r e t i c a l  and experimental  work i n  

t h i s  f i e l d  fo l lows  t h i s  s e c t i o n .  This b ib l iography w i l l  a i d  t h e  des igner  by 

providing t h e  b a s i c  in format ion  necessary t o  design and t o  eva lua te  a state- 

of- the-ar t  ac .oust ic  l i n e r  f o r  a l i q u i d  rocket  engine. 

involved are in t roduced  and d iscussed  and a n  example des ign  c a l c u l a t i o n  i s  

presented.  

The e s s e n t i a l  concepts  
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5.2 ,  Acoust ic  Liners  (cont . )  

An a c o u s t i c  l i n e r  i s  b a s i c a l l y  an a r r a y  of Helmholtz r e sona to r s  

designed t o  damp an  observed combustion o s c i l l a t i o n .  The l i n e r  depa r t s  from 

t h e  resonator  concept i n  t h a t  i t  is  not  mandatory t h a t  each r e sona to r  volume 

be  phys ica l ly  s e p a r a t e  from a l l  o t h e r  cavit ies.  

several r e sona to r  o r i f i c e s  opening on a common cav i ty  whose volume i s  equiva- 

l e n t  t o  t h e  t o t a l  volume of t he  s e v e r a l  i n d i v i d u a l  r e sona to r s .  The l i n e r  

gene ra l ly  inc ludes  only enough cav i ty  s e p a r a t o r s  t o  preclude any flow of 

combustion gases  through t h e  l i n e r  ( i .e . ,  i n  one o r i f i c e  and out  ano the r ) .  I f  

flow through t h e  r e sona to r  o r i f i c e s  were t o  occur ,  h o t  gas  e ros ion  could r e s u l t  

i n  damage t o  t h e  l i ne r .  

The usua l  p r a c t i c e  i s  t o  have 

I n  t h e  case of t a n g e n t i a l  modes of i n s t a b i l i t y  t h e  

mode could a l s o  occur  i n s i d e  t h e  r e sona to r  cav i ty  and poss ib ly  add t o  t h e  

i n s t a b i l i t y  . 
Another depa r tu re  from t h e  t h e o r e t i c a l  r e sona to r  concept is t h e  use 

of openings as continuous s l o t s  i n s t e a d  of d i s c r e t e  o r i f i c e s .  Although a 

depar ture  from t h e  classic Helmholtz r e sona to r ,  t h e  a n a l y t i c a l  procedures 

remain t h e  same. 

Pos i t i on ing  of a l i n e r  o r  i n d i v i d u a l  r e sona to r s  must be d i c t a t e d  by 

the  p a r t i c u l a r  mode of i n s t a b i l i t y  observed. 

nes s ,  t h e  l i n e r  should be pos i t i oned  s o  as t o  p r e s e n t  o r i f i c e s  a t  t h e  p o i n t  

of maximum pres su re  o s c i l l a t i o n .  

t h e  p re s su re  maximum occurs  a t  o r  nea r  t h e  chamber w a l l  w i th in  a few inches of 

t h e  i n j e c t o r  face .  It  has  been observed t h a t  l i n e r s  which have been pos i t ioned  

i n  a chamber wi th  t h e  forward most row of elements several inches downstream 

of t h e  i n j e c t o r  have l i t t l e  o r  no e f f e c t  on the  i n s t a b i l i t i e s .  

work has been done with l i n e r s  placed i n  t h e  combustion chamber w a l l ,  some 

work has  begun on p l ac ing  resonators  i n  t h e  face of t h e  i n j e c t o r  i n  t h e  

region of t h e  a n t i c i p a t e d  p res su re  maximum. The placement of t h e  a c o u s t i c  

resonator  i n  the  i n j e c t o r  f a c e  could d e t r a c t  from t h e  area a v a i l a b l e  f o r  

a c t i v e  i n j e c t i o n  elements;  however, t he  i n s t a l l a t i o n  is  s impler .  

To have t h e  maximum e f f e c t i v e -  

I n  the  case of most t r ansve r se  i n s t a b i l i t i e s ,  

Although most 
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5 a 2 ,  Acoust ic  L ine r s  (cont  e ) 

One ques t ion  which arises i n  t h e  des ign  of an a c o u s t i c  l i n e r  i s  

t h e  number of elements requi red  t o  damp an observed i n s t a b i l i t y .  

r u l e ,  p o s t u l a t e  (experimental  o r  t h e o r e t i c a l ) ,  o r  mathematical  formulat ion 

which w i l l  g ive  a gene ra l  answer t o  t h i s  ques t ion .  The common procedure i s  

t o  inco rpora t e  as much a c o u s t i c  l i n e r  as phys ica l ly  poss ib l e .  

reduce t h e  s i z e  of t h e  l i n e r ,  a - p i a l - a n d - e r r o r  procedure must be followed. 

There i s  no 

I n  o rde r  t o  

A r e sona to r  must be  "tuned" f o r  resonance a t  the  frequency of t h e  

combustion chamber p re s su re  o s c i l l a t i o n .  The resonant  frequency of a 

Helmholtz r e sona to r  is  given by: 

where 

and 

21T cr J- 'eff 
f =  

= t + 0.85 d (1 - 0.7 G) 
0 

Eq 31 

f = r e sona to r  resonant  f requency,  Hertz 

C r 
A, 
d = r e sona to r  o r i f i c e  d iameter ,  i n .  

V = r e sona to r  c a v i t y  volume, i n .  

'eff 
t = th ickness  of resonator  w a l l ,  i n .  

U 

Af 
Y 

g = g r a v i t a t i o n a l  cons t an t ,  f t / s e c  

R = gas cons t an t ,  f t - l b / l b  O R  

T = abso lu te  temperature of gases  i n  r e sona to r  c a v i t y ,  "R 

= YgRT = a c o u s t i c  v e l o c i t y  of gases  i n  r e sona to r ,  f t / s e c  

= ndo2/4 = area of o r i f i c e ,  i n .  

3 

2 

0 

= e f f e c t i v e  l eng th  of r e sona to r  o r i f i c e ,  i n .  

= open area r a t i o  a t  t h e  f a c e  of t h e  r e sona to r ,  A/Af 

= f ace  area of r e sona to r ,  i n .  

= r a t i o  of s p e c i f i c  h e a t s  of gases  i n  r e sona to r  

2 
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5 .2 ,  Acoustic Liners  (cont . )  

The simple Helmholtz r e sona to r  can be  discussed i n  terms of an 

analogous simple mechanical o s c i l l a t o r .  The gas i n  t h e  opening is  considered 

t o  move as a u n i t  and provides  t h e  mass element of t he  system. The s t i f f n e s s  

element of t h e  system i s  provided by t h e  gas  p re s su re  i n  t h e  cav i ty  as i t  i s  

a l t e r n a t e l y  compressed and expanded by t h e  i n f l u x  and e f f l u x  of gas through 

t h e  o r i f i c e .  

l o s s e s  a s soc ia t ed  wi th  t h e  o s c i l l a t i n g  gases  i n  t h e  o r i f i c e  and t h e  d i s s i p a t i o n  

of a c o u s t i c  energy by the  r a d i a t i o n  of sound i n t o  the  surrounding medium. 

The r e s i s t a n c e  element is  provided by a combination of v i scous  

The mass t e r m  descr ibed  above i s  a func t ion  of t he  o r i f i c e  area, 

the  average gas d e a s i t y  and t h e  e f f e c t i v e  l eng th  of t h e  o r i f i c e .  The use of 

an e f f e c t i v e  l eng th  r a t h e r  than simply t h e  phys ica l  o r i f i c e  length  i s  because 

some of t he  gases  beyond t h e  ends of t h e  a c t u a l  c o n s t r i c t i o n  move as a u n i t  

wi th  t h e  gas i n  t h e  c o n s t r i c t i o n  o r  o r i f i c e .  The formulat ion given i n  

Equation 31  assumes t h a t - t h e  flow along t h e  f a c e  of t h e  resonator  has  no 

e f f e c t  on t h e  o s c i l l a t i n g  gases .  This  i s  a v a l i d  assumption when des igning  

r e sona to r s  f o r  a p p l i c a t i o n s  near  t h e  i n j e c t o r  where the  a x i a l  v e l o c i t y  o f  t he  

combustion gases  has no t  become e s t a b l i s h e d .  

An example of t he  a p p l i c a t i o n  of t he  aforementioned equat ions 

follows : 

Example 13: Design of Acoust ic  Resonator 

It i s  f i r s t  necessary  t o  o b t a i n  the  a c o u s t i c  and thermodynamic 

condi t ions  from design d a t a  o r  assumption and then f i t  t he  a c o u s t i c  l i n e r  t o  

these.  For t h i s  p a r t i c u l a r  example, i t  w i l l  be assumed t h a t  a combustor has 

been t e s t e d  and found t o  ope ra t e  wi th  o s c i l l a t o r y  combustion a t  a frequency 

of 1200 Hertz .  
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5.2,  Acoustic Liners ( con t . )  

Next, i n  o r d e r  t o  design t h e  r e sona to r  i t s e l f ,  some phys ica l  design 

c o n s t r a i n t s  and assumptions must be f ixed .  

composition must be assumed (unless  t h e r e  are p e r t i n e n t  d a t a  a v a i l a b l e )  t o  

c a l c u l a t e  t h e  a c o u s t i c  v e l o c i t y  i n  t h e  c a v i t y .  

assumed t h a t  t he  cav i ty  a c o u s t i c  v e l o c i t y  i s  2400 f t / s e c .  

A c a v i t y  gas temperature and 

For t h i s  purpose i t  w i l l  bs 

Third ly ,  t h e  geometry of t h e  r e sona to r  must o f t e n  be  designed t o  

conform t o  an e x i s t i n g  chamber conf igura t ion ;  i . e . ,  t he  r e sona to r  is  o f t e n  

f i t t e d  t o  a chamber subsequent t o  t h e  f i n a l  design and manufacture. This  may 

l i m i t  vo lumet r i ca l ly  t h e  amount of l i n e r  which can be considered i n  t h e  

o r i g i n a l  design.  

th ickness  of t he  f a c e  ( o r  l eng th  of t h e  o r i f i c e ) .  From a re sona to r  s t andpo in t ,  

i t  i s  o f t e n  des i r ed  t o  have a s h o r t  o r i f i c e  l eng th  and, hence, a t h i n  w a l l  on 

t h e  l i n e r  face .  

ness  than a thick-walled r e sona to r  tuned f o r  t h e  same condi t ions .  For o t h e r  

reasons,  however, t h e  w a l l s  may need t o  be t h i c k e r  than des i r ed  and t h e  design 

compromised from an a c o u s t i c  s t andpo in t .  For example, due t o  t h e  e leva ted  

thermal environment t o  which a l i n e r  is  n e c e s s a r i l y  exposed, t h e  w a l l  of a 

resonator  must be  designed more from a stress and h e a t  t r a n s f e r  p o i n t  of view 

than from combustion s t a b i l i t y  cons ide ra t ions .  Keeping t h e  above r e s t r i c t i o n s  

i n  mind, assume t h a t  t h e  example design r equ i r e s  a w a l l  0.40 i n .  t h i c k  f o r  t h e  

face of t h e  r e sona to r  and t h a t  t h e r e  is  a maximum a v a i l a b l e  volume of 19.35 i n .  

Another example of a phys ica l  design c o n s t r a i n t  i s  t h e  

A thin-walled r e sona to r  w i l l  gene ra l ly  have h ighe r  e f f e c t i v e -  

3 

f o r  t he  i n s t a l l a t i o n  of t h i s  l i n e r .  

Now assuming an open area r a t i o  of 2 percent  and an o r i f i c e  diameter 

of 0.13 i n . ,  t h e  s i z e  of t he  r e sona to r  element of t h e  l i n e r  can be  ca l cu la t ed  

from t h e  fol lowing equat ion:  

= t + 0.85 (do) (1 - 0.7 G) 
= 0.40 + 0.85 (0.13) (1 - 0.7 KE) 

‘eff 

= 0.50 in. 
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5.2, Acoustic Liners  (cont . )  

Then from Equation 31 

o r  

1 2  x 2400  IT/^ (0.1312 
= . [ 2Tr x 1200) 0.50 

3 = 0.387 i n .  

Therefore,  s i n c e  t h e r e  w a s  a maximum of 19,35 i n , 3  a v a i l a b l e  i n  the  system 

f o r  t he  l i n e r  cav i ty  and each r e sona to r  element r equ i r e s  0.387 i n .  , t h e r e  

w i l l  be  room f o r  only 50 elements i n  an a r r a y  so  arranged t o  maintain t h e  

s p e c i f i e d  open area r a t i o  of 2 pe rcen t .  

3 

The foregoing example has been designed t o  i l l u s t r a t e  t he  b a s i c  

p r i n c i p l e s  us ing  an extremely s i m p l i f i e d  set of r e s t r i c t i o n s  and assumptions.  

Nothing has  been s a i d ,  f o r  example, about t he  bandwidth e f f e c t i v e n e s s  of a 

resonator  design., i . e . ,  t h e  frequency spectrum over which any r e sona to r  o r  

l i n e r  w i l l  be  e f f e c t i v e  i n  damping a p res su re  o s c i l l a t i o n .  

extremely important  i n  t h e  case where, i n s t e a d  of one mode of uns t ab le  

opera t ion ,  t h e r e  are two o r  more modes p red ic t ed .  Accordingly,  i t  is  neces- 

s a ry  t o  know i f  i t  can be expected t h a t  a l l  modes can be con t ro l l ed  by a l i n e r  

This would be 

designed f o r  a s i n g l e  resonant  frequency o r  i f ,  i n  f a c t ,  a l i n e r  tuned t o  

s e v e r a l  f requencies  must be  designed. 

na tu re  and are most o f t e n  unique. 

bibl iography f o r  f u r t h e r  and more d e t a i l e d  information.  

These problems are very s p e c i f i c  i n  
The des igner  i s  t h e r e f o r e  d i r e c t e d  t o  t h e  
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6. TEST PROGWS 

The preceding s e c t i o n s  of t h e  r e p o r t  cover i n  d e t a i l  t h e  approach 

used i n  t h e  design of a i n j e c t o r  chamber combination us ing  one of two element 

types,  t h e  c o a x i a l  i n t e r s e c t i n g  cones o r  t h e  convent ional  impinging i n j e c t o r  

stream elements.  This s e c t i o n  is  devoted t o  d i scuss ing  methods f o r  ob ta in ing  

s u f f i c i e n t  experimental  d a t a  t o  c h a r a c t e r i z e  o t h e r  element types,  methods f o r  

instrumenting t h e  test p i ece  and f i n a l l y  t h e  technique t o  be  used f o r  demon- 

s t r a t i n g  t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  of t h e  i n j e c t o r ,  

6.1 SUBSCALE AND MODEL TESTING 

6.1.1 Evaluat ion of t h e  Transverse Mode 

Transverse modes of i n s t a b i l i t y  are def ined  as p res su re  pe r tu rba t ions  

perpendicular  t o  t h e  flow d i r e c t i o n .  I n s t a b i l i t y  modes ca tegor ized  as t r ans -  

verse modes inc lude :  t a n g e n t i a l ,  r a d i a l ,  and pocket modes f o r  b a f f l e d  

compartments. To eva lua te  these ,  a test  device  w a s  designed and demonstrated 

f o r  Contract  NAS 8-20672. This  device  i s  termed a " t r ansve r se  e x c i t a t i o n  

chamber" o r  TEC. 

of i n s t a b i l i t y ,  and is  gene ra l ly  spontaneously uns t ab le  i n  t h e  t r ansve r se  modes 

when ope ra t ing  near  an i n j e c t o r ' s  s e n s i t i v e  frequency range, 

11 s e n s i t i v e  frequency range" i s  used i n  conjunct ion wi th  e x c i t a t i o n  chamber 

t es t  r e s u l t s  and simply means t h a t  t h e r e  e x i s t s  a range of f requencies  which 

r ep resen t s  t h e  most uns t ab le  opera t ing  condi t ion.  

The TEC has  h igh  a c o u s t i c  l o s s e s  f o r  t he  l o n g i t u d i n a l  modes 

The t e r m  

The TEC shown i n  F igure  38, u t i l i z e s  removable i n j e c t o r  i n s e r t s  and 

wedges f o r  t h e  combustion chamber. The wedges are used t o  change t h e  chamber 

cav i ty  s i z e ,  thereby changing t h e  t r a n s v e r s e  mode frequency. Chamber p re s su re  

may be  v a r i e d  by changing t h e  area of t h e  t h r o a t  f o r  tests a t  cons tan t  i n j ec -  

t i o n  dens i ty  o r  by us ing  t h e  same t h r o a t  and varying t h e  flow rate  f o r  cons tan t  

Mach number. The removable i n j e c t o r  i n s e r t s  a l low a v a r i e t y  of i n j e c t i o n  pat-  

t e r n s  t o  be eva lua ted  us ing  t h e  same chamber hardware. 
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F i g u r e  38 -- Transverse E x c i t a t i o n  Chamber (exploded v i e w )  
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Growth 

A. SPONTANEOUS INSTABILITY 

I B. PULSED INSTABILITY 

C. STABLE, PULSE DECAY 

D. SPONTANEOUS INSTABILITY 

I 

i-”1 T i m e  
Approx. 1 .0  msec 

Figure  39 -- I n s t a b i l i t y  and Damping 
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6.1, Subscale  and Model Tes t ing  (cont . )  

The requi red  test d a t a  inc lude  a continuous h igh  frequency analog 

record  of t h e  growth rates of t h e  spontaneous i n s t a b i l i t i e s .  A pu l se ,  f i r e d  

i n  t h e  t r a n s v e r s e  d i r e c t i o n  when t h e  system has a t t a i n e d  s t eady- s t a t e  opera- 

t i o n ,  is  used t o  e x c i t e  an i n s t a b i l i t y  when requi red .  

Typical  i n s t a b i l i t i e s  are shown i n  F igure  39; t h e s e  i n s t a b i l i t i e s  

w e r e  ob ta ined  d i r e c t l y  from test records ,  The topmost t r a c e  shows t h e  growth 

of a spontaneous i n s t a b i l i t y  which then  grows through a l i n e a r  wave form i n t o  

a s teep- f ronted  non l inea r  wave. 

t h e  system is  changed from s t a b l e  t o  uns t ab le  almost ins tan taneous ly  by reach- 

ing  t h e  l i m i t  cyc l e  amplitude of t h e  i n s t a b i l i t y .  

uns t ab le  i n  the  fundamental mode and s h i f t s  t o  t h e  second mode soon a f t e r  

i n s t a b i l i t y  is e s t ab l i shed .  

a s t a b l e  test. 

i n  t h e  fundamental mode and a s h i f t  t o  t h e  second mode once t h e  l i m i t i n g  ampli- 

tude has  been a t t a i n e d .  

The second trace i s  t h e  r e s u l t  of a pulse ;  

The system i s  i n i t i a l l y  

The t h i r d  record  shows t h e  decay of a p u l s e  during 

The f o u r t h  r eco rd  shows t h e  spontaneous growth of an i n s t a b i l i t y  

F igure  40 shows an e s t a b l i s h e d  i n s t a b i l i t y  i n  t h e  second mode during 

a pulse:  

mental  mode and t h e  start of a regrowth of t h e  second mode is  seen. 

t h e  pu l se  r e s u l t s  i n  a p res su re  s p i k e  which decays i n  t h e  funda- 

I T i m e  - 

Figure  40 -- Decay of Fundamental $iode and Regrowth of  
Second Mode 
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6.1, Subscale and Model Tes t ing  (cont . )  

Test records  such as those  shown i n  Figures  39 and 40 are analyzed by 

determining t h e  rate of change of p re s su re  during t h e  per iod  of growth o r  decay 

of an i n s t a b i l i t y .  

response of combustion t o  t h e  frequency of i n s t a b i l i t y ) .  

commonly expressed i n  terms of sound p res su re  level. 

high-frequency i n s t a b i l i t y  i s  seen  i n  Figure 41. 

(This growth rate o r  decay rate is i n t e r p r e t e d  as t h e  

These r e s u l t s  are 

An analog record  of a 

This record shows t h e  growth 

Figure 4 1  -- Growth of Second Mode and Decay i n t o  Fundamental 

of a second o r d e r  mode and i t s  decay i n t o  t h e  fundamental mode. F igure  42 is  

a series of l o g  decrement p l o t s  of sound p res su re  level  vs t i m e  ob ta ined  from 

t h e  same record  by us ing  a B r t i e l  and Kjaer ana lyzer  t o  s e p a r a t e  t h e  sound 

levels of t h e  va r ious  modes of i n s t a b i l i t i e s .  A t  t h e  top  of t h e  f i g u r e  i s , a  

p l o t  of t h e  u n f i l t e r e d  record showing t h e  growth of bo th  modes of i n s t a b i l i t y .  

The se,cond r eco rd  w a s  f i l t e r e d  a t  2500 Hz, thereby record ing  t h e  growth of t h e  

fundamental mode. The t h i r d  record  w a s  f i l t e r e d  a t  4000 Hz and shows only t h e  

growth of t h e  second mode. 

6.1.2 Evaluat ion of Longi tudina l  Modes 

Longi tudina l  modes are eva lua ted  i n  subsca le  t e s t i n g  i n  t h e  same 

manner as transverse modes, and t h e  a n a l y s i s  of t h e  d a t a  i s  t h e  same as t h a t  

descr ibed  i n  t h e  p r i o r  s ec t ion .  

Tes t ing  f o r  an  i n j e c t o r ' s  s e n s i t i v i t y  t o  l o n g i t u d i n a l  modes i s  done 

by us ing  a r e sea rch  device  which has  h igh  system ga ins  i n  t h e  l o n g i t u d i n a l  

d i r e c t i o n  and whose t a n g e n t i a l  mode f requencies  are h igh  enough t h a t  they are 

above t h e  system's  s e n s i t i v e  frequency. 

t h e  d i r e c t i o n  of flow. 

The mode e x c i t e d  by t h i s  device  i s  i n  
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F i g u r e  42 -- Amplitude P l o t s  Showing Growth and Decay R a t e s  
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6,1,  Subscale and Model Tes t ing  (cont.)  

The s e n s i t i v i t y  of t h e  l o n g i t u d i n a l  mode i n  connection wi th  mult i -  

o r i f i c e  i n j e c t o r s  using e a r t h  s t o r a b l e  p r o p e l l a n t s  w a s  evaluated a t  Aero je t  by 

a company-sponsored independent research  and development program. An art ist 's  

concept of t h e  device used f o r  t h e s e  i n v e s t i g a t i o n s  i s  shown i n  Figure 4 3 .  The 

i n j e c t o r s  are l o c a t e d  a t  each end of t h e  combustion chamber and t h e  t h r o a t  is 

loca ted  i n  t h e  c e n t e r  of t h e  chamber i n  t h e  form of an annular  s l i t .  A b a f f l e  

i n s e r t e d  through t h e  t h r o a t  and across  t h e  f u l l  diameter of t h e  chamber is 

removed: once s t e a d y - s t a t e  opera t ion  i s  a t t a i n e d .  

allowing an i n s t a b i l i t y  t o  grow a t  a frequency corresponding t o  t h e  fundamental 

l o n g i t u d i n a l  mode f o r  t h e  unbaff led chamber length.  

manner similar t o  t h a t  f o r  t r a n s v e r s e  modes. 

used t o  c h a r a c t e r i z e  t h e  i n j e c t o r ' s  s e n s i t i v i t y .  

This reduces system l o s s e s  

Data are recorded i n  a 

Growth rates o r  decay rates are 

These d a t a  are i n t e r p r e t e d  i n  a manner s i m i l a r  t o  t h e  t r a n s v e r s e  mode 

i n  t h a t  t h e  growth rate is  a measure of t h e  system's responsiveness t o  t h e  

frequency of a p a r t i c u l a r  l o n g i t u d i n a l  mode. A decay rate represents  t h e  

amount of t h e  damping present  when opera t ing  a t  a given set of t e s t i n g  condi- 

t i o n s  and a t  t h e  frequency of t h e  fundamental l o n g i t u d i n a l  mode. 

6 . 1 . 3  Planning Subscale T e s t  Program 

A tes t  program t o  evaluate an i n j e c t o r  concept f o r  s e n s i t i v i t y  i n  t h e  

t r a n s v e r s e  o r  l o n g i t u d i n a l  mode should inc lude  where p o s s i b l e  eva lua t ions  of 

s i n g l e  parameters. The parameters t o  b e  evaluated during t h e s e  tests may b e  

c o r r e l a t e d  by using experience from o t h e r  s t a b i l i t y  eva lua t ion  programs*. For 

example, v e l o c i t y  r a t i o ,  combustion chamber mode number, chamber pressure ,  and 

diameter of t h e  oxid izer  o r i f i c e  w e r e  found t o  b e  important under t h i s  cont rac t .  

I n  addi t ion ,  t h e  work of Wanhainen, F e i l e r ,  and Morgan a t  NASA's L e w i s  Research 

Center showed t h a t  t h e  pressure  drop through t h e  f u e l  c i r c u i t ,  t h e  d e n s i t y  of 

t h e  hydrogen and of t h e  oxygen, and t h e  propel lan t  mixture  r a t i o  can b e  used as 

a guide i n  designing a tes t  plan.# 

*5th ICRPG, "Correlat ions of Sensitive-Time-Lag Theory Combustion Parameters 

#"Effects of Chamber Pressure ,  Flow p e r  Element, and Contract ion Rat io  on 
w i t h  Thrust  Chamber Design and Operating Variables ,"  F. H. Reardon, 1968. 

Acoustic-Mode I n s t a b i l i t y  i n  Hydrogen-Oxygen Rockets," J. P. Wanhainen, 
C. E. Fe i l e r ,  C. J. Morgan, LeRD THD 4733,  August 1968. 
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6.1, Subscale and Model Tes t ing  (cont . )  

I n  dev i s ing  a test  mat r ix  t o  eva lua te  t h e  eff-ect of t h e  parameters 

i n  ques t ion  on s t a b i l i t y ,  cons ide ra t ion  should be given t o  t h e  expected over- 

a l l  e f f e c t  of t h e s e  parameters.  This  may be  done by us ing  a v a i l a b l e  cor re la -  

t i o n  equat ions.  I f ,  from t h i s  s tudy ,  i t  i s  found t h a t  t h e  e f f e c t  of a 

parameter is only s l i g h t  [e .g . )  (Mc)0e15], then eva lua t ion  of t he  parameter 

should b e  conducted over  a s u f f i c i e n t  range t o  s e p a r a t e  i t s  e f f e c t  from t h e  

normal scatter of test da ta .  

A test  program may be  used which w i l l  concent ra te  t e s t i n g  around 

nominal engine opera t ing  condi t ions.  

va r i ed  on e i t h e r  s i d e  of t h e s e  nominal va lues .  

c e n t r a t e  on nominal test  condi t ions  t o  determine t h e  frequency response 

c h a r a c t e r i s t i c s  of t h e  i n j e c t o r  element. Having f i r s t  determined t h e  sens i -  

t ive  frequency, one may then  eva lua te  t h e  e f f e c t  of v a r i a t i o n s  i n  t h e  opera t ing  

condi t ions  on t h e  gain.  The test matrix should cons ider  a minimum of two 

p o s s i b i l i t i e s :  

due t o  changes i n  t h e  ope ra t ing  condi t ions .  

The test  parameters should then  be  

I n i t i a l  t e s t i n g  should con- 

s h i f t s  i n  ga in  and/or  s h i f t s  i n  t h e  s e n s i t i v e  frequency range 

6 . 2  DEVELOPMENT TESTING 

6.2.1 General 

The u s e  of high-frequency ins t rumenta t ion  i n  t h e  test program is  an 

abso lu te  n e c e s s i t y  t o  enable  t h e  des igner  t o  i d e n t i f y  t h e  e f f e c t s  of modifica- 

t i o n s  t o  t h e  i n j e c t o r  o r  chamber designed by applying t h e  p r i n c i p l e s  i n  

Sec t ion  3 of t h i s  des ign  manual. The d a t a  obta ined  from t h i s  source  w i l l  

enable  him t o  eva lua te  t h e  s t a b i l i t y  of a given des ign ,  t o  determine t h e  range 

of s e n s i t i v e  f requencies  by mode i d e n t i f i c a t i o n ,  o r  t o  design a b a f f l e  con- 

f i g u r a t i o n  o r  a c o u s t i c  l i n e r  f o r  s t a b i l i z i n g  a p o t e n t i a l l y  uns t ab le  design. 

S t a b i l i t y  r a t i n g  of t h e  system should be obtained by us ing  e i t h e r  d i r e c t i o n a l  

pu lses  o r  nond i rec t iona l  bombs o r  both.  
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6.2, Development Tes t ing  (cont , )  

The l o c a t i o n  of t h e  h igh  frequency p res su re  t ransducers  can assist 

i n  determining t h e  important  modes (e.g., l T ,  2T, 1T- lL ,  2T-1L9 e t c . ) ,  thereby 

supplying requirements f o r  s e l e c t i n g  a p a r t i c u l a r  b a f f l e  conf igura t ion .  The 

type  of high frequency p res su re  t ransducer  used i s  important i n  t h a t  t h e r e  is  

a v a r i e t y  of p re s su re  t ransducers  on t h e  market w i th  d i f f e r e n t  ranges of fre- 

quency response.  The mounting of t h e s e  t ransducers  i s  a l s o  important  i n  o rde r  

t o  avoid resonance, which w i l l  y i e l d  misleading r e s u l t s .  The use of power 

s p e c t r a l  d e n s i t y  p l o t s  and fixed-bandwave ana lyzer  (B&K p l o t s )  d a t a  may be  

used e f f e c t i v e l y  t o  determine t h e  s e n s i t i v i t y  a t  s p e c i f i c  f requencies .  

Tes t ing  requirements t h a t  w i l l  determine adequately t h e  s t a b i l i t y  

c h a r a c t e r i s t i c s  of a system should inc lude  s u f f i c i e n t  v a r i a t i o n  of ope ra t ing  

parameters t o  c h a r a c t e r i z e  t h e  system over  i t s  e n t i r e  range, P a r t i c u l a r  

a t t e n t i o n  should be  given t o  t h e  parameters which most a f f e c t  t h e  s t a b i l i t y  of 

t h e  system. A s  an example, t h e  i n j e c t i o n  v e l o c i t y  r a t i o ,  t h e  mixture  r a t i o ,  

and t h e  chamber p re s su re  have s i g n i f i c a n t  e f f e c t  on t h e  s t a b i l i t y  of systems 

employing coax ia l  and impinging m u l t i - o r i f i c e  i n j e c t o r s .  

6.2.2 Ins t rumenta t ion  

6.2.2.1 Ins t rumenta t ion  Locat ions 

The i n t e n t  of t h i s  s e c t i o n  is  t o  p r e s c r i b e  t h e  b e s t  l o c a t i o n s  f o r  

high frequency p res su re  t ransducers  such t h a t  a maximum number of i n s t a b i l i t y  

a c o u s t i c  modes may be  i d e n t i f i e d  and t o  desc r ibe  t h e  mechanics f o r  analyzing 

s t a b i l i t y  da ta .  

as 2T-3L. Theore t i ca l ly ,  t h i s  arrangement of t ransducers  can be used t o  

i d e n t i f y  t r a n s v e r s e  modes of as high an  o rde r  as 5T and l o n g i t u d i n a l  modes as 

high as 4L. 

References. * 

Figure  44 has  been used a t  Aero je t  t o  i d e n t i f y  modes as high 

Addi t iona l  information on ins t rumenta t ion  can be found i n  t h e  

*Select ion of Ins t rumenta t ion  f o r  Analyzing Combustion I n s t a b i l i t y  i n  Liquid 
P rope l l an t  Rocket Engines prepared by t h e  Committee on Ins t rumenta t ion  and 
T e s t  Data, I C R P G ,  Chemical Propuls ion  Information Agency CPIA Publ. 148, 
J u l y  1967. 
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6.2, Development Tes t ing  (cont . )  

Example 14: Determination of Transverse Modes 

The modes t o  b e  considered should b e  s e l e c t e d  on t h e  bases  of the  

f requencies  observed and those  c a l c u l a t e d  using t h e  method descr ibed  i n  

Sec t ion  3.1, Examples 1 and 2. For t h i s  case, a s tanding  3T mode (shown i n  

F igure  24, Sec t ion  5) is  assumed. 

Step 1. Place  t h e  p l o t  of nodal  planes over  t h e  ske tch  of t ransducer  loca- 

t i o n s  wi th  one nodal l i n e  pass ing  through t h e  l c o a t i o n  of t h e  

t ransducer .  

Step 2. I f  a s t and ing  3T mode were t o  appear i n  t h i s  p o s i t i o n ,  t ransducers  

No. 1 and No. 2 would record no p res su re  o s c i l l a t i o n  s i n c e  a nodal  

p lane  co inc ides  wi th  each t ransducer .  P re s su re  t ransducers  No. 3 

and No. 4 would record  t h e  maximum amplitude of t h e  i n s t a b i l i t y  180" 

out  of phase s i n c e  t h e  two t ransducers  are loca ted  a t  a p res su re  

maximum and a p res su re  minimum (ant inodes) .  

S tep  3. Rota te  t h e  nodal  planes 7.5'. A t  t h i s  l o c a t i o n ,  a l l  t ransducers  w i l l  

r ecord  p res su re  o s c i l l a t i o n s .  Transducer No. 2 is  now near  a p res su re  

an t inode  and w i l l  r ecord  a maximum amplitude. 

No .  3 are i n  phase and t ransducer  No. 4 i s  180" out  of phase wi th  

t ransducer  3. 

Transducers No. 1 and 

Step  4. Rota te  t h e  nodal  p lanes  7.5" beyond t h e  p o s i t i o n  of S t e p  3 o r  15" 

from t h e  o r i g i n a l  p o s i t i o n  (Step 1 ) .  A t  t h i s  l o c a t i o n ,  t ransducers  

No. 1 and No. 2 are loca ted  a t  p re s su re  ant inodes and w i l l  record 

maximum amplitudes i n  phase. Transducers No. 3 and No. 4 are a t  

p re s su re  nodes and w i l l  r ecord  no p res su re  o s c i l l a t i o n s .  
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6.2, Development Testing (cont.) 

Determination of Longitudinal Modes 

The identification of longitudinal modes is accomplished by using 

Mode pressure profiles up transducers in locations along the chamber axis. 

to 4L are shown on Figure 45. 
much the same manner as for transverse modes. A s  an example, transducers 

No. 1 and No. 7 read maximum pressure oscillations 180" out of phase; trans- 
ducer No. 5 is at a pressure node and no pressure oscillation will be reccrded. 
For a 2L mode, transducers No.  1 and No. 7 record maximum pressure oscillation 

The identification of modes is accomplished in 

in phase and transducer No. 5 records maximum pressure oscillations 180" out 
of phase. For a 3L mode, the transducers record the same phase relationships 
as the 1L mode; however, the frequency is increased to approximately three 
times the frequency of the 1L. In a similar manner, this type of mode identi- 

fication may be applied to modes of higher order. 

If the pressure transducers are not equally spaced or do not coincide 
with pressure antinodes, the amplitude of the pressure oscillation may be 

determined by the location of the transducer with respect to the pressure 
profile. By assuming the pressure oscillations are acoustic in nature, the 

actual amplitude may be adjusted by assuming a sinusoidal pressure profile 

(shown in Figure 45). 
tude may be determined by the point at which the transducer location intercepts 

the curve for the given mode. 

The proportion of maximum amplitude to measured ampli- 

6.2.2.2 Types of Instrumentation 

The severe environment encountered in a combustion chamber imposes 

stringent requirements on the instrumentation. Considerable research and 

development has been conducted in development of high-frequency response 

instrumentation for measurement of pressure oscillations in rocket combustion 

chambers. It is often necessary to isolate this instrumentation from the 
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6.2, Development Tes t ing  (cont.)  

thermal environment and from t h e  v i b r a t i o n  of t h e  t ransducer  mount on t h e  

combustion chamber i n  o rde r  t o  o b t a i n  d a t a  which r e f l e c t  a c t u a l  p re s su re  

o s c i l l a t i o n s  i n  t h e  combustion chamber. A d e t a i l e d  d e s c r i p t i o n  of r e c e n t  

developments i n  ins t rumenta t ion  f o r  measuring combustion i n s t a b i l i t y  i s  given 

i n  t h e  References,* A d e t a i l e d  d e s c r i p t i o n  of several p re s su re  t ransducers  i s  

a l s o  given#, inc luding  t h e  Photocon 3528 and helium b leed  K i s t l e r  t ransducers  

which have both  been used ex tens ive ly  on Contract  NAS 8-20672.# 

The Photocon 352A t ransducer  is  e s p e c i a l l y  s u i t e d  f o r  hardware 

intended f o r  f i e l d  use  i n  t h a t  t h e  t ransducer  is  ruggedly cons t ruc ted  and has 

a water-cooled h e a t  s h i e l d  which improves i t s  thermal  c h a r a c t e r i s t i c s  and 

reduces s u s c e p t i b i l i t y  t o  sh rapne l  damage from p u l s e  charge fragments. This  

t ransducer  is  commonly used behind a flame s h i e l d  i n  an at tempt  t o  p r o t e c t  i t  

from the  e ros ion  r e s u l t i n g  i n  chamber s t r e a k i n g  because of i n j e c t o r  incompati- 

b i l i t i e s .  

s h i e l d  i n  t h a t  t h e  resonance of t h e  t r ansduce r ' s  mounting may d i s t o r t  amplitude 

o r  decay da ta .  The resonance c h a r a c t e r i s t i c s  of t ransducers  have been i n v e s t i -  

gated a n a l y t i c a l l y  and are d iscussed  i n  Sec t ion  6.2.2.3. 

Care must be  exe r t ed  i n  i n t e r p r e t a t i o n  of d a t a  when us ing  a flame 

The helium b leed  p res su re  t ransducer  is  w e l l  s u i t e d  f o r  u se  i n  a 

combustion chamber and has  t h e  advantage over Photocon t ransducers  i n  t h a t  no 

p a r t  is exposed t o  combustion, and i t  is  t h e r e f o r e  p ro tec t ed  from t h e  thermal  

environment and damage from shrapnel .  Another advantage of t h i s  type  of 

t ransducer  i s  t h a t  it provides  a gas of known d e n s i t y  between t h e  t r ansduce r ' s  

sensor  and t h e  combustion gases ,  thereby pe rmi t t i ng  accu ra t e  c a l c u l a t i o n  of 

t h e  resonant  frequency of t h e  t ransducer  assembly. By b leeding  helium through 

"Special  Considerat ions f o r  Combustion I n s t a b i l i t y  Ins t rumenta t ion  and Data 
Representa t ion ,  prepared by t h e  Committee on Ins t rumenta t ion  and T e s t  Data, 
ICRPG, Chemical Propuls ion  Information Agency, CPIA Publ. 170, June 1968. 

Vole 6 ,  Ins t rumenta t ion  Report GEMSIP FR-1 SSD-TR-66-2, 31  August 1965. 
#Gemini S t a b i l i t y  Improvement Program, Contract  AF 04(695)-517, F i n a l  Report ,  

Page 209 



Report 20672-P2D 

6.2, Development Tes t ing  ( c o n t o )  

t h e  t ransducer  during combustion, t h e  senso r  is  thermally p ro tec t ed  by t h e  

helium environment and provides  a con t inua l  b leed  of gases ,  purging t h e  aper- 

t u r e  of f o r e i g n  p a r t i c l e s  generated during t e s t i n g .  Two models of helium 

b leed  t ransducers  w e r e  t e s t e d  during t h i s  program. One model designed by 

Aerojet  and designated HB3X uses  a Kis t le r  601 t ransducer  i n  t h e  helium b leed  

housing. This t ransducer  is  p a r t i c u l a r l y  s u i t e d  f o r  i n s e r t i o n  between 

r egene ra t ive  cool ing  tubes o r  i n  a b l a t i v e  chambers. The o t h e r  i s  the  Model 615 

t ransducer  made by K i s t l e r ;  i t  f i t s  convenient ly  i n  a 1!4-in. AN f i t t i n g  and is  

e s p e c i a l l y  s u i t e d  f o r  u se  wi th  workhorse hardware. 

Kistler t ransducers  i s  t h a t  t h e  e lec t r ica l  pickup is  s e n s i t i v e  t o  t h e  i n t r u -  

s i o n  of mois ture  and t h e  t ransducer  may t ake  a dc  s h i f t  due t o  s a t u r a t i o n  of 

t h e  charge a m p l i f i e r  during t h e  engine 's  i g n i t i o n .  

The major problem wi th  t h e  

6.2.2.3 E f f e c t  of Transducer Mounting Resonance on Decay Measurements 

To g e t  t h e  most accu ra t e  measurements of p re s su re  o s c i l l a t i o n s  i n  a 

chamber, a p res su re  t ransducer  should be  mounted f l u s h  wi th  t h e  w a l l  of t h e  

chamber. However, because of t h e  h igh  temperature  of t h e  chamber gases ,  i t  is  

sometimes necessary t o  recess t h e  t ransducer  from t h e  w a l l .  Depending on t h e  

conf igu ra t ion  of t h i s  recess, some d i s t o r t i o n  may be  introduced.  

What fo l lows  i s  a d i scuss ion  of t h e  e f f e c t  of t ransducer  resonant  

frequency and damping. The comparison i s  between what is  a c t u a l l y  happening 

i n  t h e  chamber ve r sus  what t h e  output  of t h e  t ransducer  i s  as t h e  t ransducer  

resonant  frequency approaches t h a t  of t h e  chamber. The r e s u l t s  presented  w e r e  

obtained from an analog computer us ing  t h e  fol lowing r e l a t i o n s h i p  f o r  t h e  

t ransducer  t r a n s f e r  funct ion.  (See  Nomenclature f o r  d e f i n i t i o n s . )  

pT 1 
I-= 

2 j w 2 s T  

2 
oT 

+ 1  - -  +- w 

w 

C 
P 

2 
oT w 

Eq 32 
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6.2, Development Tes t ing  (cont . )  

The response of t h e  p re s su re  t ransducer  t o  an exponent ia l  s inuso id  t 
(eGC s i n  w t) can e a s i l y  be obta ined  on an analog computer. To o b t a i n  t h e  

exponent ia l  s inuso id ,  i t  w a s  decided t o  use t he  output  of another  second o r d e r  

system t o  a Dirac d e l t a  func t ion .  

oc  

Eq 32a 

L L 

oc  oc  w w 

To run  cases on an analog computer, va lues  must b e  e s t a b l i s h e d  f o r  

The q u a n t i t i e s  a and w can be  obta ined  from e x i s t i n g  5’ *oTY ‘cy W ~ ~ *  C oc 
test data .  The q u a n t i t i e s  a and w are determined by t h e  conf igura t ion  of 

t h e  recess. For t h i s  s tudy ,  w should b e  chosen a t  va r ious  f r a c t i o n s  of t h e  

frequency w 
OC. 

of t h e  recess. 

T oT 

oT 

T The q u a n t i t y  a is  determined by t h e  damping c h a r a c t e r i s t i c s  

This must b e  es t imated  a n a l y t i c a l l y .  The r e s i s t a n c e  per  u n i t  

length*, R, is  given by: 

2 6  
D R =  Eq 33 

The a c o u s t i c  equat ion,  inc luding  t h e  f r i c t i o n a l  f o r c e  descr ibed  above, is  

given by : 

Eq 34 

The s o l u t i o n  f o r  t h e  r a t i o  of p re s su res  i n  a dead-end tube  can be given as: 

1 * w ( j w ; T  + R) 1 / 2  
where K = pt= 

(a2P p’  cosh K x  Eq 35 

*A Study ‘of t h e  Suppression of Combustion O s c i l l a t i o n s  wi th  Mechanical 
Damping Devices, P r a t t  & Whitney Aircraft  F i n a l  Report PWA FR-1922, 
Contract  NAS 8-11038, J u l y  1966. 
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6.2, Development Tes t ing  (cont . )  

Af t e r  a l g e b r a i c  manipulat ion,  cosh K x  can be  w r i t t e n  as a complex number, 

6 + jx. A t   resonance,^ = 0. The va lue  of 6 a t  t h i s  po in t  can then b e  

t o  g e t  an estimate f o r  a compared t o  - 
oT T "  

2aT 
w 

Table 15 shows t h e  r e s u l t  of eva lua t ing  t h e  e f f e c t  of t ransducer  

resonance on inpu t  f requencies .  The r a t i o  of t h e  c r i t i c a l  frequency f o r  t h e  

system t o  t h e  t ransducer  resonance a t  s e l e c t e d  damping r a t i o s  w a s  s t u d i e d  a t  

a v a r i e t y  of damping r a t i o s  f o r  t h e  chamber and t ransducer  cav i ty .  

The r e s u l t s  from t h e s e  s t u d i e s  i l l u s t r a t e  s i g n i f i c a n t  decay rate 

c h a r a c t e r i s t i c s  t h a t  w i l l  a i d  i n  t h e  ana lyses  of test f i r i n g  da ta .  For 

example, analog Run No. 1 shown on Figure 46 ,  wi th  t h e  t ransducer  and chamber 

n a t u r a l  f requencies  equal ,  shows t h a t  t h e  decay rate w i t h i n  t h e  chamber i s  

d i f f e r e n t  from t h a t  recorded by t h e  t ransducer .  

t h e  t ransducer  decay p l o t  y i e l d s  f i r s t  a growth ( p o s i t i v e  s l o p e ) ,  then  a decay 

(negat ive  s lope ) .  

It should a l s o  be noted t h a t  

Run No.  2, shown i n  r i g u r e  4 7 ,  i s  r e p r e s e n t a t i v e  of a "beat" 

phenomenon wi th  s lopes  being measured along both t h e  h igh  and low por t ions  of 

t h e  curve.  Di f fe rences  i n  t h e  decay rates recorded by t h e  p re s su re  t ransducer  

and those  a c t u a l l y  occurr ing  i n  t h e  combustion chamber show d i f f e r e n t  s lopes .  

Run No. 23, shown on Figure  48, taken a t  t h e  same n a t u r a l  frequency r a t i o  as 

Run N o .  2,  shows t h e  e f f e c t  of t h e  increased  va lue  of t h e  t ransducer  damping 

f a c t o r  ( t h r e e  t i m e s  t h a t  of t h e  chamber). Two d i s t i n c t  s lopes  occur:  t h e  

f i r s t ,  l a s t i n g  f o r  approximately 25 cycles., measures t h e  r ap id  decay of t h e  

t ransducer  system, whi le  t h e  second s l o p e  records  t h e  chamber decay. I n  such 

cases i t  i s  important  t o  use  t h e  second s l o p e ,  a l lowing an appropr i a t e  t i m e  t o  

pass  from t h e  i n i t i a t i o n  of t h e  impulse func t ion .  The r eve r se  of t h i s  phenome- 

non ( i e e e ,  a g r e a t e r  chamber decay) i s  represented  by Run No. 18 shown i n  

F igure  49, which shows a t ransducer  "r inging" a f t e r  t h e  chamber decay per iod .  

(Text continued on Page 222.) 
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Table  1 4  -- Resu l t s  of Analog of Transducer Resonance t o  Input  Frequencies 

Run No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14  
15 
16 
1 7  
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

Woc’WaT 

1 ,o  
0.9 
0.8 
0.7 
0.7 
0.8 
0.9 
1.0 
1.0 
0.9 
0.9 
0.7 
0.7 
0.8 
0.9 
1.0 
1.0 
0.9 
0.8 
0.7 
0.7 
0.8 
0.9 
1.0 
0 e 3333 
0.4 
0.5 
0.6 
1.1 

- 2SC 

0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

- 2St 
0 .01 
0.01 
0.01 
0.01 
0.05 
0.05 
0.05 
0.05 
0.05 
0,05 
0.05 
0.05 
0.03 
0.03 
0.03 
0.03 
0.01 
0.01 
0.01 
0.01 
0.03 
0,03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 
0.03 

Decay Rate of 
Chamber P res su re  

db f cyc le  

0,22 
0.20 
0.28 
0.22 
0.24 
0.26 
0.28 
0.24 
0.46 
0.54 
0.46 
0.48 
0.50 
0.56 
0.44 
0.46 
0.54 
0.46 
0.54 
0.46 
0.26 
0.24 
0.22 
0.28 
0.24 
0.22 
0.26 
0.24 
0.22 

Decay Rate 
of Transducer 

db f c y c l e  
(1) 0.12 

0.28 
0.32 
0.32 
0.26 
0.26 
0.28 
0.24 
0.40 
0.50 
0.60 
0.48 
0.48 
0.44 
0.50 

1.60 & 0.45 
1.74 & 0.22 

0.32 
0.34 

0.36 & 0.26 
0.42 6r 0.26 
0.40 & 0.30 
0.43 & 0.28 
1.80 & 0.28 

0.26 
0.30 & 0,24 
0.32 & 0.18 

(2) 
(2) 

(3) 
(3) 
(3)  
(3) 
(2) 

( 3 )  
(3)  

NOTE: (1) ‘This decay rate appeared 40 cyc les  a f t e r  t h e  i n i t i a t i o n  of the 
P r i o r  t o  t h i s  t i m e  a growth rate w a s  recorded impulse s i g n a l .  

by t h e  t ransducer .  

i n i t i a t i o n  of t h e  impulse s i g n a l .  P r i o r  t o  t h i s  t i m e  a growth 
rate w a s  recorded by t h e  t ransducer .  

impulse e 

(2) This  decay rate appeared approximately 15 cyc le s  a f t e r  the 

(3) Second decay rate recorded approximately 25 cyc les  a f t e r  t h e  

Page 213 



S 0 

3 U 

a, VI - 
2 
E - 
I 

a 

V 

0" 
E 

E 
n 

3 
VI VI 

L aa 
n 
E 
m c 
V 

m 

2 
=3 
V 

E 

E 
a 

3 
VI VI 

L a, 

m c 
V 

n 
E 

0 
.I-. 

E! 
P 
VI c 

&- 
E 
I 

0 

Report 20672-P2D 

rl 

Page 214 



Report 20672-P2D 

rl 

0 z 

M 
0 
rl 

-3 

Page 215 



Report 20672-P2D 

aY 
v) 

1 
- 

l 

W > 
ai 
3 
0 

W 
L 
7 
v) 
v) 
W 
L a 
L 
aY n 

c 
0 

I 

m 
w > e 
3 
0 

W 
L 
3 
v) 
lA 
W 
L 
n 

0)  
lA 
K 
0 
n v) 
aY 
x 
L 
aY 
V 
1 

c 
rn L 
I- 

I 

5: 

0 
W > 
ai 
3 
0 

CJ 

0 
2 

M 
0 
rl 
(d 

3 

Page 216 



Report 20672-P2D 

0 z 

I 
I 

Page 217 



Report 20672-P2D 

Q) 
h 
9 
v) cn 
Q) 
h n 

I I 

< m u  

M 
0 
rl m 
4 

I 
I 

Page 218 



Report 20672-P2D 

m 
N 

M 
0 
d 

4 
I 
I 

Page 219 



Report 20672-P2D 

h m 
V 
a, 
t3 

e 

e 
=J 
v) 
v) 

Q 
L 
a, a 
m 
c 
0 

E 

I 

a 
w > 
tx 
3 
0 

A m 
V s 
E 

2 

=J 
v) 
v) 

a 
L 
a, a 
m 
c 
0 

0 

al 
v) 
z= 
0 
v) 
a, 
E 

L 
a, 
V 
3 
U 
v) 
S 
m 
L 
I- 

E 

i-. 

n 

I 

0 
w > 
tx 
x 
0 

Page 220 



Report 20672-P2D 

I 
I 

m 
4- 

Page 221 



Report 20 672-P 2D 

6,2,  Development Tes t ing  (cont . )  

I n  summary, t h e s e  s t u d i e s  have shown t h a t  (1) t h e  decay rate measured 

by t h e  t ransducer  may d i f f e r  from t h e  t r u e  chamber decay, (2) t h e  decay may 

f i r s t  appear as a growth followed by a delayed decay, (3) t h e  s i g n i f i c a n c e  of 

bea t ing ,  and ( 4 )  t h e  e f f e c t  of varying t h e  damping f a c t o r  va lues  of bo th  t h e  

t ransducer  and chamber, 

These r e s u l t s  are requ i r ed  t o  i n t e r p r e t  c o r r e c t l y  t h e  logar i thmic  

The l i m i t a t i o n s  on t h e  decrement d a t a  (B&K p l o t s )  f o r  a c t u a l  test f i r i n g s .  

u se  of t h e s e  curves are t h a t  knowledge of t h e  resonant  f requencies  of t h e  

chamber and t ransducer  are requ i r ed  and va lues  f o r  t h e  damping f a c t o r s  must 

b e  obtained.  

Though t h e  r e s u l t s  of t h e  e n t i r e  analog s tudy of decay rates are 

most important  f o r  d a t a  a n a l y s i s ,  i t  is h igh ly  important  t h a t  t h e  des igner  

recognize t h a t  t h e  dynamic p res su re  ins t rumenta t ion  he selects must have a 

n a t u r a l  frequency range at least  30% g r e a t e r  than  t h e  observed system f r e -  

quency t o  reduce d i s t o r t i o n  t o  a minimum. 

6.2.3 Tes t ing  Requirements 

The r a t i n g  of a t h r u s t  chamber assembly i n  terms of s t a b i l i t y  

r equ i r e s  t h e  use  of h igh  frequency ins t rumenta t ion  loca ted  as d iscussed  i n  

Sec t ion  6.2.2, 

and record ing  t h e  combustion chamber overpressure  r equ i r ed  t o  i n i t i a t e  a 

sus t a ined  i n s t a b i l i t y ,  

pu l se  gun and t h e  nond i rec t iona l  p u l s e  change (NDPC) are most common. The 

pu l se  gun (shown i n  F igure  50) has  been used exc lus ive ly  during t h e  s t a b i l i t y  

r a t i n g  on Contract  NAS 8-20672. 

S t a b i l i t y  r a t i n g  i s  accomplished by employing a puls ing  device  

Of t h e  v a r i e t y  of pu l s ing  devices  used, t h e  t a n g e n t i a l  

The NDPC i s  shown i n  F igure  51. 

Seve ra l  cr i ter ia  have been used t o  eva lua te  engine s t a b i l i t y  such as 

t h e  r a t i o  of pu l se  amplitude t o  nominal chamber p re s su re  requi red  t o  induce 
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6 e 2 Development Tes t ing  (cont  e ) 

i n s t a b i l i t y  i n  a given system, a "go" o r  '!no go" c r i te r ia  where t h e  va r ious  

i n j e c t o r s  are r a t e d  by t h e i r  a b i l i t y  t o  damp a p a r t i c u l a r  type  of induced 

d is turbance  o r  t h e  s t a b i l i t y  of t h e  system t o  a c e r t a i n  minimum over  pressure .  

This l a t te r  measure i s  t h e  one gene ra l ly  used, a l though t h e  degree of over- 

p re s su re  s p e c i f i e d  varies from system t o  system. 

type success fu l ly  meets requirements t h e  s e l e c t i o n  is  then based on t h e  rate 

of decay o r  t h e  t i m e  t o  decay t o  a predetermined l e v e l  (e.g., - +5% Pc) e 

When more than one i n j e c t o r  

6 . 3  DATA ANALYSIS 

6.3.1 High Frequency Analog Record 

Of t h e  methods a v a i l a b l e  f o r  ana lyz ing  t h e  dynamic p res su re  charac- 

terist ics of a system, t h e  ma jo r i ty  of d a t a  may be obta ined  d i r e c t l y  from the  

high frequency analog record.  The predominant f requencies  i n  t h e  i n s t a b i l i t y  

may be  determined by f i l t e r i n g  t h e  analog record  w i t h  several band pass 

f i l t e r s ,  o r  power s p e c t r a l  dens i ty  p l o t s  may be used t o  i d e n t i f y  f requencies  

present  i n  t h e  chamber and t h e  magnitude of each. The phase r e l a t i o n s h i p  of 

t hese  f requencies  a t  t h e  known t r ansduce r  l o c a t i o n s  may-be determined t o  

i d e n t i f y  each mode. 

The f i l t e r e d  analog record  is  b e s t  used f o r  determining a mode of 

i n s t a b i l i t y  i n  t h a t  h igh  frequency o s c i l l a t i o n s  due t o  t ransducer  ' 'ring" o r  

simple combustion n o i s e  w i l l  be removed. 

f i l t e r  is  n o t  a l s o  a f f e c t i n g  t h e  da ta .  This  is  b e s t  accomplished by a l t e r i n g  

t h e  f i l t e r  c h a r a c t e r i s t i c s  o r  c h a r a c t e r i z i n g  t h e  f i l t e r  response t o  a known 

input .  I d e n t i f i c a t i o n  of t h e  l o c a t i o n  of nodes must be  done f i r s t  t o  determine 

t h e  amplitude r e l a t i o n s h i p  of t h e  va r ious  pressure  traces (see  Sec t ion  6.2 f o r  

d e t a i l s  of amplitude de te rmina t ions) .  Secondly, t h e  amplitude r e l a t i o n s h i p  

f o r  bo th  t r a n s v e r s e  and l o n g i t u d i n a l  modes must be  determined i n  terms of 

Care must be  taken t o  i n s u r e  t h e  
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6.3, Data Analysis  (cant,) 

a x i a l  p o s i t i o n  down t h e  chamber, Next, a t i m e  l i n e  on t h e  analog record  should 

be  e s t a b l i s h e d  toge the r  w i th  t h e  phase r e l a t i o n s h i p  of t h e  i n s t a b i l i t y  as 

recorded a t  each t ransducer  and t h e s e  phase and amplitude d a t a  c o r r e l a t e d  wi th  

t h e  t h e o r e t i c a l  mode r e l a t i o n s h i p s .  

mode i d e n t i f i c a t i o n  is  given i n  Sec t ion  6.2. 

d a t a  i n  conjunct ion wi th  amplitude and phase diagrams is  shown i n  F igure  52. 

This f i g u r e  demonstrates t h e  technique f o r  a more complex wave form i n  i d e n t i -  

f i c a t i o n  of a 1T-2L mode of i n s t a b i l i t y ,  

A d e t a i l e d  d e s c r i p t i o n  of t h i s  method of 

An example of t h e  use  of analog 

6 . 3 . 2  Power S p e c t r a l  Density P l o t s  

Power s p e c t r a l  dens i ty  p l o t s  are important  i n  determining relative 

magnitudes of t h e  va r ious  modal f requencies  p re sen t  i n  an i n s t a b i l i t y .  

example of a power s p e c t r a l  dens i ty  p l o t  of a complex mode form i n  which two 

modes predominate i s  shown i n  F igure  5 3 .  It is  common f o r  a test 

record t o  con ta in  m u l t i p l e  modes which change during t h e  test. 

may be  caused by any number of e f f e c t s  such as changes i n  f u e l  temperature ,  

mixture  r a t i o  v a r i a t i o n s ,  changing chamber p re s su res ,  and o the r s . )  

An 

(These changes 

Often u s e f u l  is  a v a r i a t i o n  of t h e  power s p e c t r a l  dens i ty  d a t a  i n  

which t h e  test is  analyzed using a f i x e d  frequency band f i l t e r  and observing 

t h e  changes i n  amplitude of a p a r t i c u l a r  mode throughout t h e  test. Frequent ly  

a given test  parameter a f f e c t s  t h e  s t a b i l i t y  of a system, One may observe one 

mode a t  t h e  beginning of a test and as t h e  test progresses  t h e  mode w i l l  change 

t o  a mode of a h ighe r  o r  lower order ,  This  may be  caused by a change i n  one 

of t h e  ope ra t ion  parameters which a f f e c t  s t a b i l i t y  ( e o g o ,  chamber p re s su re ,  

p rope l l an t  dens i ty ,  o r  p r o p e l l a n t  phase and o t h e r s ) .  To eva lua te  an e n t i r e  

test, t h e  predominant modes and t h e  pe r iod  during which each i s  s u s t a i n e d  

during a test should be  determined. A f i x e d  frequency band f i l t e r  may be  

app l i ed  t o  t h e  analog record  and power s p e c t r a l  d e n s i t y  p l o t s  run a t  a v a r i e t y  

of frequency bands f o r  t h e  e n t i r e  test dura t ion .  
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6 . 3 ,  Data Analysis  (cont . )  

6 . 3 . 3  Fixed Frequency Bandwidth - Pressu re  Amplitude Data 

This  type  of d a t a  i s  obta ined  by pass ing  t h e  u n f i l t e r e d  analog d a t a  

through a fixed-frequency bandwidth f i l t e r  and ob ta in ing  t h e  sound p res su re  

level (dec ibe l s )  of t h e  i n s t a b i l i t y .  

- An instrument  f o r  ob ta in ing  t h i s  type of d a t a  i s  t h e  B r L e l  and Kjael 

spectrometer  (B&K Analyzer).  I n  t h i s  ana lyzer ,  t h e  d a t a  are p l o t t e d  i n  

dec ibe l s  on t h e  o r d i n a t e  a g a i n s t  t i m e  on t h e  absc issa .  

s u s c e p t i b i l i t y  t o  i n s t a b i l i t y  is o f t e n  given i n  terms of t h e  t i m e  requi red  f o r  

a given p res su re  p e r t u r b a t i o n  (pulse-) t o  decay. 

research  wi th  subsca le  hardware, as done wi th  t r a n s v e r s e  o r  l o n g i t u d i n a l  

e x c i t a t i o a  chambers, t h e  decay rate and growth rate d a t a  may be obta ined  

d i r e c t l y  from t h e  B&K record  as db/sec ,  o r  when d iv ided  by t h e  observed 

frequency from t h e  analog record  as db/cycle .  

A measure of a system's 

I n  t h e  case of s t a b i l i t y  

An example of B&K d a t a  used i n  conjunct ion wi th  t h e  analog record  

is  shown i n  F igure  42. 

t h e  t , ransverse e x c i t a t i o n  chamber. 

occurred f i r s t ,  decayed, and the  f i r s t  t r a n s v e r s e  mode grew. 

These d a t a  are c h a r a c t e r i s t i c  of those  obtained wi th  

On t h i s  record ,  t h e  second t r a n s v e r s e  mode 
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NOMENCLATURE 

A 

A 
C 

&O 

At 

vn A 

c 

C p y  cv 
d 

d 
0 

E 

e 

F 

f 

f 

G 

g 
H 

h 

S 

i, . j  

J 

K 

L 

R 

MC 

Nmin 

n 

0 
N 

P 

pC 

Area , 
Area , 
Area , 
Area, 

L a t i n  

gene ra l  

c r o s s  s e c t i o n  of chamber plenum 

o r i f i c e ,  i n j e c t o r  o r  r e sona to r  

chamber t h r o a t  

I n j e c t i o n  d i s t r i b u t i o n  Coef f i c i en t  

Acoust ic  v e l o c i t y  

S p e c i f i c  h e a t  a t  cons tan t  p re s su re ,  cons tan t  volume 

Diameter, gene ra l  

Diameter, ox id i ze r  i n j e c t o r  o r i f i c e ,  r e sona to r  
o r i f  ice 

Energy 

Base of n a t u r a l  logari thms 

Function as i n  F (VR s i n  8 )  
Frequency 

S e n s i t i v e  frequency 

Combustion response 

Acce le ra t ion  due t o  g r a v i t y  (32.2 f t / s e c  ) 

Enthalpy 

Height , b a f f l e  

Term i n  a sequence; a l s o  fi 
Bessel func t ion  of f i r s t  kind 

A s  def ined  i n  Equation 35, pg 211  

Longi tudina l  mode 

Length 

Mach number 

I n t e r a c t i o n  index; a l s o  as n = 1,2,3 ... 
Combustion response,  chamber 

Combustion response,  i n j e c t o r  a t  s e n s i t i v e  
frequency 

Pressure ,  genera l  

Chamber p re s su re  

2 

Dimensions 

i n .  

i n .  

2 

2 

2 in .  
-- 

f t /sec 
-- 

i n .  

i n .  

f t - lb  

-- 
-1 

-1 
s ec 

sec 

p s i  

p s i  
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NOMENCLATURE (con t . ) 
L a t i n  Dimens ions  
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'r 

Pt 
Q 
4 
R 

R 

R 
r 

S 

S 

T 
Vr l  

T 

t 

tw 
X 

V 

VR 

Y 
5 

<OC 

5 0 ~  
n 

0 

Cr i t i ca l  p re s su re  (usua l ly  of t h e  less v o l a t i l e  
p r o p e l l a n t )  

Ra t io  t o  c r i t i c a l  p re s su re  (P /P ) 

Pressu re  a t  chamber t h r o a t  

Burning r a t e  

Heat f l u x  

Radia l  mode 

(Equations 33 f f )  r e s i s t a n c e  p e r  u n i t  l eng th  

Universa l  gas cons tan t  (1545 Btu/ lb°F 

Radius 

c c r i t  

Transfer  func t ion  

Argument t o  Bessel func t ion  f o r  t r a n s v e r s e  modes 

Tangent ia l  mode 

Temperature 

T i m e  

Wall th ickness  ( acous t i c  r e sona to r s )  

Linear  displacement 

Volume 

Veloc i ty  r a t i o  ( f u e l  t o  ox id i ze r )  

Greek 

Rat io  of s p e c i f i c  h e a t s  

(Table 15) damping r a t i o  (damping 5 c r i t i c a l  
damping) 

Chamber damping r a t i o  

Transducer damping r a t i o  

Order of r a d i a l  mode (= number of d e r i v a t i v e s  of 
Bessel func t ion )  

(1) Angular displacement 
(2) Real p a r t  of argument of K 

Dynamic v i s c o s i t y  

X 

p s i  

Btu/sec 

B tu l in .  s e c  2 

p s i / f t  

O R  

s ec 

i n .  

f t  

i n .  3 

l b  sec 

f t 2  
1-I 
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NOMENCLATURE (cont . )  

V 

P 

0 

T 

@ 
X -  
w 

w 

w 
OC 

oT 

e f f  

f 

r 

C 

t 

oc 

oT 

T 

Greek Dimens ions  

Order of t a n g e n t i a l  mode (= orde r  of Bessel func t ion )  

Densi ty  

Area r a t i o  of f a c e  of r e sona to r  (Acoustic Liners )  

S e n s i t i v e  t i m e  l a g  

Angle of impingement between p r o p e l l a n t  streams 

Imaginary p a r t  of argument K 

Angular v e l o c i t y  

Natura l  frequency of chamber 

Natura l  frequency of t ransducer  

X 

Subscr ip ts  

E f f e c t i v e  

Face 

Resonator 

Chamber 

Throat 

Resonant frequency, chamber 

Resonant frequency, t ransducer  

Transducer 

l b / f t 3  

s e c  

deg 
-- 

r a d  / s e c  

r ad  / s  ec 

rad / sec  
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Although combus t i o n  s t a b i l i t y  problems encountered i n  engine develop- 

ment have usua l ly  been solved by t r ia l -and-er ror  methods , a number of ana ly t i -  

cal  approaches have been o r i g i n a t e d .  For purposes of d i scuss ion ,  i t  i s  con- 

ven ien t  t o  group these  a n a l y t i c a l  approaches i n t o  t h r e e  ca t egor i e s :  

a. Response f a c t o r  approach 

b.  Mechanistic-numerical a n a l y s i s  

c. S e n s i t i v e  t i m e  l a g  theory 

In  t h e  fo l lowing  paragraphs b r i e f  d e s c r i p t i o n s  of each method are given and 

t h e  gene ra l  philosophy, advantages and l i m i t a t i o n s ,  and use i n  design and 

development are discussed.  Since t h e  S e n s i t i v e  T i m e  Lag approach i s  t h e  sub- 

j ec t  of t h e  manual t o  which t h i s  App.endix i s  a t t ached ,  i t s  d i scuss ion  h e r e  

w i l l  be  appropr i a t e ly  s h o r t .  

A .  RESPONSE FACTOR APPROACH 

Ana ly t i ca l ly ,  t h e  s imples t  and perhaps most e a s i l y  apprec ia ted  

method is t h e  response f a c t o r  approach. The unsteady ope ra t ion  of t h e  rocke t  

engine is viewed as r e s u l t i n g  from t h e  cumulative e f f e c t  of many s e p a r a t e  com- 

bus t ion  and flow processes .  For example, i f  t h e  chamber p re s su re  o s c i l l a t e s  , 
t h e  combustion ra te  and t h e  exhaust flow ra te  both  o s c i l l a t e .  The combustion 

adds energy t o  t h e  o s c i l l a t i o n ,  whereas t h e  exhaust  f low takes  energy away, 

Clear ly ,  t he  growth o r  decay of t h e  p re s su re  o s c i l l a t i o n  depends on t h e  ba l -  

ance between t h e s e  two processes .  The response f a c t o r  approach thus  c o n s i s t s  

of (a)  t h e  eva lua t ion  of t h e  response of each s i g n i f i c a n t  process  t o  a chamber 

p re s su re  o s c i l l a t i o n ,  and (b) t h e  summation of t h e  i n d i v i d u a l  e f f e c t s  t o  de te r -  

mine whether t he re  is  a n e t  p o s i t i v e  energy a d d i t i o n  t o  t h e  o s c i l l a t i o n .  By 

Rayleigh's c r i t e r i o n ,  t h e  energy must b e  added i n  phase wi th  t h e  o s c i l l a t i n g  

pressure .  The "response f a c t o r "  is  t h e  in-phase component of t h e  energy addi- 

t i o n ,  d iv ided  by t h e  p re s su re  o s c i l l a t i o n  amplitude.  Hence, i t  may be  thought 

of as t h e  real  p a r t  of t h e  process  " t r a n s f e r  func t ion ."  The response f a c t o r  is 

usua l ly  nondimensionalized by use of s u i t a b l e  s t eady- s t a t e  r e fe rence  q u a n t i t i e s ,  
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A,  Response F a c t o r  Approach ( c o n t .  ) 

Heidmann and F e i l e r * ,  who i n t r o d u c e d  t h e  t e r m  "response f a c t o r , "  

b a s e  t h e i r  a n a l y s i s  on t h e  mass f low rate .  A t t e n t i o n  i s  focused  on t h e  

s t a b i l i t y  l i m i t ,  a t  which t h e  mass a d d i t i o n  due t o  combustion ( i n  phase  w i t h  

t h e  p r e s s u r e )  i s  j u s t  e q u a l  t o  t h e  in-phase component of the m a s s  e f f l u x  

through t h e  e x h a u s t  n o z z l e .  I f  several p r o c e s s e s  are c o n s i d e r e d  i n  t h e  mass 

a d d i t i o n  t e r m ,  t h e  n e t  e f f e c t  i s  taken  t o  b e  t h e  sum of t h e  i n d i v i d u a l  p r o c e s s  

r e s p o n s e  f u n c t i o n s ,  each weighted by t h e  f r a c t i o n  of t h e  t o t a l  mass f low e n t e r -  

i n g  i n t o  t h e  p r o c e s s .  However, t h e  a n a l y s e s  p u b l i s h e d  t o  d a t e  have concen- 

t r a t e d  on a s i n g l e  combustion p r o c e s s  and have been  r e s t r i c t e d  t o  p u r e l y  t r a n s -  

verse modes. I n  a d d i t i o n ,  t h e  n o z z l e  l o s s  h a s  been  taken  as a c o n s t a n t .  

Response f a c t o r s  have been  d e r i v e d  f o r  several p o s s i b l e  rate- 

c o n t r o l l i n g  p r o c e s s e s .  Both l i n e a r  and n o n l i n e a r  a n a l y s e s  of d r o p l e t  vapor i -  

z a t i o n  have been performed by Heidmann and Wieberkf;. To e x p l a i n  t h e  b e h a v i o r  

of gaseous h y d r o g e n l l i q u i d  oxygen combustors,  Heidmann and F e i l e r  determined 

t h e o r e t i c a l l y  t h e  response  of t h e  gaseous hydrogen flow t o  h i g h  f requency  

chamber p r e s s u r e  o s c i l l a t i o n s .  This  a n a l y s i s  i n c l u d e s  a combustion t i m e  d e l a y ,  

which must b e  e m p i r i c a l l y  determined.  The l a r g e  response  f a c t o r  v a l u e s  found 

f o r  hydrogen i n j e c t i o n  (compared t o  o t h e r  p r o c e s s e s  cons idered)  i n d i c a t e  t h a t  

t h i s  p r o c e s s  can b e  expec ted  t o  have  a s i g n i f i c a n t  e f f e c t  on t h e  s t a b i l i t y  o f  

an  0 / H  engine .  

performed. 

A r e l a t i v e l y  s i m p l e  a n a l y s i s  of a t o m i z a t i o n  h a s  a l s o  been 2 2  

* 

** 

i/ 

F e i l e r ,  C .  E . ,  and Heidmann, M. F., Dynamic Response of Gaseous-Hydrogen 
Flow System and Its A p p l i c a t i o n  t o  High Frequency Combus t i o n  I n s t a b i l i t y ,  
NASA TN D-4040, 1967. 
Heidmann, M. F . ,  and Wieber, P. R . ,  An A n a l y s i s  of t h e  Frequency Response 
C h a r a c t e r i s t i c s  of P r o p e l l a n t  V a p o r i z a t i o n ,  NASA TN D-3749, 1966. 
Heidman, M. F . ,  and Wieber, P. R., A n a l y s i s  of n-Heptane V a p o r i z a t i o n  i n  
Uns tab le  Combustor w i t h  T r a v e l l i n g  Transverse  O s c i l l a t i o n s ,  NASA TN D-4324, 
1966. 
Heidman, M. F. ,  and Groeneweg, J .  F.,  Dynamic Behavior of L i q u i d  Jet  
Atomizat ion,  F i f t h  ICRPG Combustion Conference,  CPIA P u b l i c a t i o n  No. 183, 
1968. 
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A,  Response Fac tor  Approach (cont . )  

Dykemafc has  taken t h e  c o n t r o l l i n g  process  f o r  unsteady combus t i o n  

t o  be  mass t r a n s f e r  by molecular d i f f u s i o n  from the  s u r f a c e  of a l i q u i d  drop 

t o  the  surrounding flame. The drop is  assumed t o  be  s p h e r i c a l  and t h e  rela- 

t ive v e l o c i t y  between t h e  drop and t h e  surrounding gas i s  e s s e n t i a l l y  zero;  

hence,  t h i s  model w i l l  be  v a l i d  only a t  t h e  l o c a t i o n  (near  t h e  i n j e c t o r  f ace )  

where l i q u i d  and gas v e l o c i t i e s  are equal ,  In  Dykema's a n a l y s i s  damping 

e f f e c t s - a r e  n o t  t r e a t e d  q u a n t i t a t i v e l y ,  Fu r the r ,  because of t h e  d i f f i c u l t y  i n  

eva lua t ing  many of t h e  phys ica l  and chemical q u a n t i t i e s  i n  t h e  response f a c t o r  

equat ion ,  i t  is  used mainly as a c o r r e l a t i n g  equat ion.  That i s ,  t h e  frequency 

i s  normalized by a func t ion  of chamber p re s su re ,  i n j e c t i o n  o r i f i c e  s i z e ,  and 

mass flow rate ,  and inc ludes  an a d j u s t a b l e  cons tan t .  The response func t ion  i s  

p o s i t i v e  only over a c e r t a i n  range of normalized frequency va lues .  By compar- 

i ng  s t a b i l i t y  tes t  d a t a  f o r  a given engine wi th  t h e  t h e o r e t i c a l  response curve,  

a va lue  of t h e  a d j u s t a b l e  cons tan t  can b e  i n f e r r e d .  It i s  then p o s s i b l e  t o  

p r e d i c t  t he  uns t ab le  frequency ranges f o r  o the r  engines using the  same 

p rope l l an t s .  

B. MECHANISTIC-NUMERICAL ANALYSIS 

Whereas t h e  response func t ion  approach involves  e s s e n t i a l l y  an 

open-loop" a n a l y s i s ,  t h e  mechanistic-numerical  method o r i g i n a t e d  by P r i e m  1 1  

and Guentertf;* inco rpora t e s  t h e  e f f e c t s  of t h e  burning ra te  o s c i l l a t i o n  on t h e  

chamber p re s su re  o s c i l l a t i o n  (feedback) e The equat ions  governing t h e  uns tead.y 

flow i n  a rocke t  combustion chamber are w r i t t e n  very gene ra l ly  t o  allow f o r  

non-sinusoidal  waves and an a r b i t r a r y  choice  of t h e  r a t e - c o n t r o l l i n g  combus- 

t i o n  process .  Because of t h e  n o n l i n e a r i t i e s  a s s o c i a t e d  wi th  the  conservat ion 

equat ions and t h e  combustion rate equat ions  t h e  only p r a c t i c a l  method of so lu-  

t i o n  i s  by numerical  i n t e g r a t i o n .  

** * Dykema, 0 .  We, op. c i t e  
Priem, R. J . ,  and Guenter t ,  D. C. Combustion I n s t a b i l i t y  L i m i t s  Determined 
by a Nonlinear Theory and a One-Dimensional Model, NASA TN D-1409, 1962. 

Page 241  



Report 20672-P2D, Appendix A 

B ,  Mechanis tic-Numerical Analysis (cont.  ) 

The numerical  s o l u t i o n  begins  wi th  s p e c i f i e d  i n i t i a l  cond i t ions ,  

which correspond t o  s t eady- s t a t e  ope ra t ion  wi th  a d is turbance  superimposed. 

The governing equat ions ,  i n  d i f f e r e n c e  form, are i n t e g r a t e d  a t  a number of 

l o c a t i o n s  i n  t h e  combustor t o  determine t i m e  h i s t o r i e s .  I f  t h e  i n i t i a l  dis-  

turbance decays, t h e  combustor i s  s t a b l e .  Usual ly ,  t he  d is t rubance  amplitude 

is  v a r i e d  u n t i l  t he  threshold  a t  which t h e  d is turbance  begins  t o  grow i s  

oEtained. The accuracy of t h e  s o l u t i o n ,  as w e l l  as t h e  length  of t i m e  r equ i r ed  

t o  o b t a i n  i t ,  depends on the  number of chamber l o c a t i o n s  a t w n i c h  c a l c u l a t i o n s  

are performed and on t h e  s i z e  of t he  time-step. A t  p re sen t ,  accu ra t e  s o l u t i o n s  

f o r  two o r  t h r e e  space  dimensions are p r o h i b i t i v e l y  expensive.  Therefore ,  

nea r ly  a l l  work has  been based on an annular  c o n t r o l  volume t h a t  i s  very s m a l l  

i n  l eng th  and r a d i a l  th ickness  ., 

P r i e m ' s  i n i t i a l  c a l c u l a t i o n s  made use of a quasi-s teady vapor iza t ion-  

c o n t r o l l e d  combustion model. The s t eady- s t a t e  theory from which i t  w a s  der ived  

had been s u c c e s s f u l  i n  c o r r e l a t i n g  performance d a t a  from a l a r g e  number of 

engines.  Two parameters w e r e  shown t o  c o n t r o l  both t h e  threshold  p e r t u r b a t i o n  

amplitude and t h e  amplitude of t h e  fully-developed o s c i l l a t i o n s .  These param- 

eters are a dimensionless burning ra te  

M R  
E = -  X 

C 
€ 

(where M i s  t h e  f r a c t i o n a l  burning rate p e r  u n i t  l eng th ,  R i s  t h e  mean r ad ius  

of t h e  annular  c o n t r o l  volume, and E i s  t h e  chamber con t r ac t ion  r a t i o )  and 

t h e  re la t ive v e l o c i t y  between gas and l i q u i d  i n  t h e  c o n t r o l  volume. The most 

uns t ab le  condi t ion  corresponds t o  R = 1, approximately; t h a t  i s ,  a t  t h i s  va lue  

of R t h e  d is turbance  threshold  amplitude i s  a minimum. Decreasing t h e  rela- 

t i v e  v e l o c i t y  always is  d e s t a b i l i z i n g ,  probably because of t h e  dependence of 

t h e  burning r a t e  on (Re = Reynolds number based on re la t ive v e l o c i t y ) ,  

X 

C 
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B, Mechanistic-Numerical Analysis (cont.  ) 

as assumed i n  the  theory.  Usually a minimum value  of t h e  reiative v e l o c i t y  i s  

s e l e c t e d ,  corresponding roughly t o  t h e  i n t e n s i t y  of tu rbulence  i n  t h e  chamber. 

A chemical-react ion-control led combustion model has  a l s o  been 

studied*. It w a s  found t h a t  t h i s  process  i s  normally s o  f a s t  t h a t  i t  would 

n o t  b e  c o n t r o l l i n g ,  except  poss ib ly  f o r  gaseous-propellant rocke t  engines .  

Atomization# and gas-phase mixing** have rece ived  a s m a l l  amount of a t t e n t i o n ,  

b u t  i n  most ana lyses  the  burning rates have been t r e a t e d  as vapor iza t ion-  

l imi t ed .  Such a d d i t i o n a l  f e a t u r e s  as monopropellant decomposition and drop- 

l e t  sha t te r ing** 

models. 

ii i/ 

have been incorpora ted  i n t o  some mechanistic-numerical  

I n  p r a c t i c e ,  t h e  s t a b i l i t y  a n a l y s i s  must b e  used i n  conjunct ion 

w i t h  a s t eady- s t a t e  a n a l y s i s ,  which genera tes  l i q u i d  and gas v e l o c i t i e s ,  t e m -  

pe ra tu re s  , pres su res  , etc. , a t  var ious  l o c a t i o n s  w i t h i n  the  chamber. Then t h e  

s t a b i l i t y  a n a l y s i s  i s  used t o  determine, f o r  t h e  given s t eady- s t a t e  flow and 

c o n t r o l l i n g  combus t i o n  mechanism, t h e  th re sho ld  p e r t u r b a t i o n  f o r  continuous 

o s c i l l a t i o n s .  When any of t he  design f e a t u r e s  o r  ope ra t ing  condi t ions  are 

changed, t h e  s t eady  and unsteady ana lyses  are repea ted  t o  determine a new 

threshold  value.  C lea r ly ,  a change t h a t  r e s u l t s  i n  an  increased  th re sho ld  is 

a s t a b i l i z i n g  e f f e c t .  

* Priem and Guenter t ,  op c i t .  
** Campbell, D. T . ,  Combustion I n s t a b i l i t y  Analysis  a t  High Chamber P res su re ,  

Rocketdyne, Report AFRPL-TR-67-222, 1967. 

A i r s t r e a m s  Simulat ing t h e  Veloc i ty  Conditions i n  Rocket Combustors," 
NASA TN 4222, 1958. 

I n s t a b i l i t y  S tud ie s ,  Dynamic Science,  Report No. AFRPL-TR-66-125, 1966. 

f Ingebo, R. D . ,  "Drop S ize  D i s t r i b u t i o n  f o r  Impinging Jet Breakup i n  

##  Bel t r an ,  M. R . ,  Breen, B. P . ,  e t  a l ,  Liquid Rocket Engine Combustion, 
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C. SENSITIVE TIME LAG THEORY 

The s e n s i t i v e  t i m e  l a g  theory d i f f e r s  from both of t he  preceding 

types of ana lyses  i n  t h a t  t h e  combustion mechanism is  n o t  s p e c i f i e d .  Rather ,  

a f a i r l y  s imple;  b u t  gene ra l ,  combustion response func t ion  t h a t  involves  two 

a d j u s t a b l e  parameters (n and r )  is  incorpora ted  i n t o  a r igorous  gas dynamic 

a n a l y s i s  of t he  combustion chamber flow. Although t h e  most complete develop- 

ment of t h i s  approach has  been t h a t  a s s o c i a t e d  w i t h  very s m a l l  pe r tu rba t ions  

( l i n e a r  t heo ry ) ,  several s t u d i e s  of f in i te -ampl i tude  o s c i l l a t i o n s  (nonl inear  

t h e o r i e s )  have r e c e n t l y  been publ ished.  

There are both advantages and disadvantages i n  approaching t h e  

combustion process  as a "black box." No i n i t i a l  assumptions o r  estimates of 

combustion response c o e f f i c i e n t s  o r  exponents need t o  be  made. A s  a r e s u l t ,  

very gene ra l  t h e o r e t i c a l  r e s u l t s  can be  obta ined ,  and some s t a b i l i t y  t rends  

can be  p red ic t ed .  However, a complete s t a b i l i t y  a n a l y s i s  r equ i r e s  t h a t  va lues  

of t h e  combustion response parameters be  known. These parameters can only b e  

determined by comparing ex tens ive  s t a b i l i t y  test  d a t a  wi th  t h e  corresponding 

s i z e ,  chamber p re s su re ,  mixture  r a t i o ,  chamber Mach number, and i n j e c t o r  p a t -  

t e r n  design.  A s u b s t a n t i a l  amount of such informat ion  now exis ts ,*+;  although 

i t  is  n o t  complete, and cons iderable  da t a  s c a t t e r i n g  i s  p resen t .  Never the less ,  

s u c c e s s f u l  a p p l i c a t i o n  t o  s t a b i l i t y  p r e d i c t i o n  and improvement has  been 

demons t ra tedj j .  

* Crocco, L . ,  Research on Combustion I n s t a b i l i t y  i n  Liquid P rope l l an t  Rockets 
Twelfth Symposium ( I n t e r n a t i o n a l )  on Combus t i o n ,  The Combus t i o n  I n s t i t u t e  
1969. 

eters wi th  Thrust  Chamber Design and Operat ing Var iab les ,  F i f t h  ICRPG 
Combustion Conference, CPIA Pub l i ca t ion  No. 183, 1968. 

# Gemini S t a b i l i t y  Improvement Program (GEMSIP), F i n a l  Report ,  Aerojet-  
General  Corp., Report GEMSIP FR-1, 1965. 

A -I. 
8 . a  Reardon, F. H . ,  Cor re l a t ion  of Sensitive-Time-Lag-Theory Combustion Param- 
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PURPOSE 

The tests conducted dur ing  Phase I and Phase I1 of t h i s  program were 

intended t o  eva lua te  t h e  c h a r a c t e r i s t i c s  of i n j e c t o r s  us ing  oxygen-hydrogen 

p rope l l an i s  wi th  regard t o  combustion s t a b i l i t y .  Two i n j e c t o r  elements were 

t e s t e d :  

v ious ly  t e s t e d  wi th  c y l i n d r i c a l  hardware and a t r i p l e t  i n j e c t o r  des ign  of a 

type  which w a s  a primary candida te  f o r  u se  wi th  t h e  advanced cryogenic engine.  

an annular  combustor using a coaxial. i n j e c t o r  which had been pre- 

This d i scuss ion  i s  concerned only wi th  t h e  t r i p l e t  i n j e c t o r .  T e s t  

r e s u l t s  r e l a t i n g  t o  t h e  coax ia l  i n j e c t o r  element were obtained dur ing  Contract  

NAS 8-11741 and are repor t ed  i n  Reference 1. Evaluat ions of t h e  coax ia l  

i n j e c t o r  des ign  wi th  an  annular  combustor are repor ted  i n  Reference 2. 

ANNULAR INJECTOR TESTS 

Tes t ing  of t h e  t r i p l e t  p a t t e r n  w i t h  annular  chambers during Phase I1 

w a s  l imi t ed  t o  a s i n g l e  test of one i n j e c t o r .  

v i d e  c o r r e l a t i o n  wi th  t h e  r e s u l t s  forthcoming from tests wi th  t h e  t r a n s v e r s e  

e x c i t a t i o n  chamber as w i l l  be  descr ibed  la ter .  

The test  o b j e c t i v e  w a s  t o  pro- 

The t r i p l e t  elements 

elements t h a t  would be  used 

shown i n  F igure  B-1. There 

rows of 8 elements p e r  row. 

a l igned  a t  60" t o  t h e  row. 

a t  75"  and t h e  end elements 

i n  t h e  i n j e c t o r  were designed t o  d u p l i c a t e  t h e  

i n  t h e  e x c i t a t i o n  chamber. The arrangement i s  

were 192 t r i p l e t s  i n  a l l ,  arranged i n  24 r a d i a l  

The fou r  middle t r i p l e t s  i n  each row were 

The elements second from t h e  end were o r i e n t e d  

a t  90" t o  t h e  row. The f u e l  streams were f e d  

from a r a i s e d  copper r i d g e  and were d i r e c t e d  p a r a l l e l  t o  t h e  a x i s  of t h e  

chamber, wh i l e  t h e  o x i d i z e r  streams impinged from e i t h e r  s i d e ,  emerging from 

t h e  s t a i n l e s s  steel f a c e  of t h e  i n j e c t o r .  The lands  on t h e  i n j e c t o r  f a c e  

between t h e  ox id ize r  o r i f i c e s  w e r e  flame-sprayed wi th  a zirconium oxide 
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coa t ing .  The photographs (F igure  B-1) show t h e  i n j e c t o r  p r i o r  t o  a p p l i c a t i o n  

of t h e  coa t ing .  

centerbody f o r  t h e  annular  combustor. 

A c e n t r a l  s teel  pos t  held an a b l a t i v e  sleeve t o  form t h e  

One test w a s  conducted a t  nominal chamber p re s su re  (1735 p s i a ) ,  5.0 

mixture  r a t i o , a n d  66 l b / s e c  t o t a l  weight flow. 

t ransducers  were i n s t a l l e d  a t  va r ious  l o c a t i o n s  i n  t h e  chamber t o  a i d  i n  t h e  

i d e n t i f i c a t i o n  of o s c i l l a t o r y  modes. 

w e r e  f i r e d  a t  50-millisecond i n t e r v a l s  during s t eady  s ta te  opera t ion .  The 

80-grain p u l s e  i n i t i a t e d  an i n s t a b i l i t y  of low ampli tude (100 p s i  peak-to- 

peak),  which w a s  c l e a r l y  i d e n t i f i e d  on t h e  t e s t  record.  

du ra t ion  w a s  798 mi l l i seconds .  

Seven high-frequency p res su re  

Three pu l ses  of 20, 40,and 80 g r a i n  s i z e  

The t o t a l  f i r i n g  

The f a c e  of t h e  i n j e c t o r  w a s  completely eroded as shown i n  Figure B-2. 

The e ros ion  penet ra ted  t h e  o x i d i z e r  manifold,  exposing t h e  r a d i a l  d i s t r i b u t i o n  

channels and i n  some cases t h e  ox id ize r  feed  ho le s  lead ing  from t h e  main 

manifold a t  t h e  back of t he  i n j e c t o r ,  as can b e  seen  i n  t h e  photograph. The 

f u e l  manifold remained nea r ly  i n t a c t .  The f u e l  i n j e c t i o n  o r i f i c e s  appear 

i n  t h e  photographs i n  t h e  form of tubes  of s m a l l  diameter extending from t h e  

i n j e c t o r  face .  The test record ind ica t ed  t h a t  t h e  e ros ion  had reached t h e  

ox id ize r  manifold a t  FS-1 +800 mi l l i seconds .  

The damage t o  t h e  chamber w a s  s l i g h t  and occurred only i n  t h e  v i c i n i t y  

of t h e  i n j e c t o r .  This  i s  ev ident  from t h e  photograph (Figure B - 3 ) .  
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EXCITATION CHAMBER TESTS 

A t o o l  f o r  t h e  purpose of eva lua t ing  t h e  combustion response of an  

i n j e c t o r  element was developed and demonstrated dur ing  Phases I and I1 of 

t h i s  program. It i s  termed a t r a n s v e r s e  e x c i t a t i o n  chamber. It i s  a two- 

dimensional chamber, w i th  walls converging a t  a cons tan t  angle  t o  form t h e  

wider  p lane  w h i l e  t h e  narrower p lane  i s  of cons tan t  he ight .  

(combustion ga in)  are of g r e a t e s t  amplitude i n  t h e  d i r e c t i o n  of flow and i n  

the d i r e c t i o n  of approach t o  t h e  converging walls. 

s e n s i t i v e  t o  modes of i n s t a b i l i t y  i n  t h e  l a t te r  d i r e c t i o n ,  t h a t  is  t r a n s v e r s e  

O s c i l l a t i o n s  

The chamber i s  most 

t o  t h e  d i r e c t i o n  of flow. The chamber i s  provided wi th  a removable l i d  and 

wedges, which when i n s e r t e d ,  a l ter  t h e  wavelength of t h e  fundamental mode, 

making i t  p o s s i b l e  t o  test over a range of n a t u r a l  chamber f requencies  while  

u t i l i z i n g  t h e  same v e h i c l e  f o r  t e s t i n g .  Two chambers were f a b r i c a t e d ,  one 

wi th  a 30" inc luded  angle  wi th  range from 2000 Hz t o  7000 Hz, and one wi th  

25" included angle  and a range from 2800 Hz t o  7000 Hz. 

chamber t o  t h e  nozzle  w a s  t h e  same i n  bo th  chambers and the  nozzles  w e r e  i n t e r -  

changable. 

Figure B-4. 
test  s tand .  

The l eng th  f rom. the  

The chamber w i t h  t h e  36" included angle  i s  shown disassembled i n  

Figure B-5 is a photograph of t h e  chamber as i n s t a l l e d  on t h e  

The i n j e c t o r  c o n s i s t s  of c y l i n d r i c a l  modules which are i n s t a l l e d  i n  

recesses a t  t h e  end of t he  chamber oppos i t e  t h e  nozz le  and wi th  t h e  axes 

normal t o  t h e  wider  plane.  Each module f o r  t h i s  test program contained 11 

t r i p l e t  elements arranged s i m i l a r l y  t o  t h e  rows i n  t h e  annular  chamber 

d iscussed  previous ly .  

method of i n s t a l l a t i o n  i s  shown i n  Figure B-4.  The modules are removable and 

t h e  number used f o r  a p a r t i c u l a r  test i s  determined by t h e  s i z e  of wedge used 

i n  t h e  chamber. 

Figure S-6 is  a photograph of such a module and t h e  
- __ . 

Tes t ing  w a s  conducted by b r ing ing  t h e  combustor t o  s teady  s ta te  ope ra t ion  

and observing t h e  combustion response as inf luenced  by t h e  chamber acous t i c s .  
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During t h e  test a pyro technic  charge w a s  f i r e d  i n  o rde r  t o  produce a p res su re  

pu l se  of h igh  amplitude i n  t h e  chamber. 

spontaneously,  i t s  rate of growth t o  maximum amplitude (cyc le  l i m i t )  w a s  

measured from t h e  high-frequency record .  When an e s t a b l i s h e d ,  f u l l y  developed 

i n s t a b i l i t y  w a s  sub jec t ed  t o  a pu l se ,  t h e  e f f e c t  w a s  a momentary unorganiza- 

t i o n  of t h e  i n s t a b i l i t y  followed by a regrowth. I f  t h e  ope ra t ion  w a s  s t a b l e  

a t  t h e  t i m e  of pu l s ing ,  t he  rate of decay of t h e  induced o s c i l l a t i o n s  w a s  

measured t o  determine t h e  re la t ive e f f e c t  of system l o s s e s  on t h e  i n s t a b i l i t y .  

When an i n s t a b i l i t y  developed 

A t o t a l  of 31  tests w a s  conducted during Phase 11. Table B-1 Is a 

summary of t he  test d a t a ,  taken a t  d i f f e r e n t  t i m e s  dur ing most tests. Table 

B-2 i s  an  ex tens ion  of t h e  Remarks of Table B-1 and inc ludes  a d d i t i o n a l  

observa t ions  p e r t i n e n t  t o  t h e  t e s t i n g .  The t e s t i n g  w a s  conducted a t  v a r i e d  

chamber p re s su re ,  mixture  r a t i o  and i n j e c t i o n  v e l o c i t y  r a t i o .  I n  add i t ion ,  

Mach number w a s  v a r i e d  by a l t e r i n g  the  nozz le  area between tests and t h e  

frequency of t h e  fundamental mode w a s  a l s o  v a r i e d  by t h e  use of t h e  wedges t o  

change t h e  convergence angle  of t h e  chamber. 

It w a s  observed during t h e  t e s t i n g  t h a t  combustion occurred from 1 t o  

2 i n .  away from t h e  i n j e c t o r .  There w a s  e ros ion  of t h e  area ad jacen t  t o  t h e  

las t  t r i p l e t  a t  bo th  ends of t h e  i n j e c t o r  modules which m u l t i p l i e d  t h e  number 

of times t h a t  t h e  chamber had t o  b e  r epa i r ed  as compared wi th  t h e  frequency 

of r e p a i r s  requi red  when ope ra t ing  wi th  i n j e c t o r s  having normal charac te r -  

i s t ics  w i t h  regard t o  e ros ion .  

The test d a t a  provide  b a s i c  i n p u t  f o r  design c r i t e r i a .  (See Sec t ion  3 

of t he  b a s i c  r epor t  f o r  d i scuss ion  of t h e i r  use.)  

of growth ra te  and of decay rate as func t ions  of frequency. 

t h a t  t h e  s e n s i t i v e  frequency i s  i n  t h e  v i c i n i t y  of 2900 Hz. 

Figure B-7 i s  a p l o t  

These d a t a  show 

A composite c o r r e l a t i o n  equat ion  w a s  der ived  from t h e  a p p l i c a t i o n  of 

S e n s i t i v e  T ime  Lag concepts t o  t h e  t es t  da t a .  

p l o t t i n g  t h e  express ion  

Figure B-8 was cons t ruc ted  by 
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aga ins t  va lues  of P /P where c c r i t )  

T = S e n s i t i v e  t i m e  l a g ,  msec 

= Mach number 

= ox id ize r  o r i f i c e  diameter ,  i n .  

= chamber p r e s s u r e ,  p s i a ,  and 

= c r i t i c a l  p re s su re  of t h e  ox id ize r  

C 
M 

d ox 

p C  

’crit 

The c o r r e l a t i o n  equat ions  r e s u l t i n g  are 

and 

P 
C , P < P  112 

Mc P C c r i  t ’ T = 0.275 (d ) ox c r i t  

It  w a s  concluded on t h e  b a s i s  of t h e  t e s t  r e s u l t s  t h a t :  

1) The t r a n s v e r s e  e x c i t a t i o n  chamber i s  an e f f e c t i v e  t o o l  f o r  

ob ta in ing  t h e  s e n s i t i v e  frequency of an i n j e c t o r ,  

2) The s e n s i t i v e  frequency of t h e  t r i p l e t  i n j e c t o r  t h a t  w a s  t e s t e d  

i s  near  2900 Hz, and 

3) Because of t he  e ros ion  noted above t h a t  occurred during t h e  

t e s t i n g ,  t h a t  t h e  p a t t e r n  of t h i s  i n j e c t o r  i s  incompatible  wi th  

t h e  t r a n s v e r s e  e x c i t a t i o n  chamber. 
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